Louisiana State University

LSU Digital Commons
LSU Historical Dissertations and Theses

Graduate School

1997

I. Photophysics and Photochemistry of Molybdenum-Oxo
Complexes. II. Synthesis of a Ferrocene-Based Monomer for Use
in Ring-Opening Metathesis Polymerization.
Ralph Isovitsch
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses

Recommended Citation
Isovitsch, Ralph, "I. Photophysics and Photochemistry of Molybdenum-Oxo Complexes. II. Synthesis of a
Ferrocene-Based Monomer for Use in Ring-Opening Metathesis Polymerization." (1997). LSU Historical
Dissertations and Theses. 6425.
https://digitalcommons.lsu.edu/gradschool_disstheses/6425

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@lsu.edu.

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely afreet reproduction.
In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to
order.

UMI
A Bell & Howell Information Company
300 North Zed) Road, Ann Arbor MI 48106-1346 USA
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I. PHOTOPHYSICS AND PHOTOCHEMISTRY OF MOLYBDENUM-OXO
COMPLEXES
H. SYNTHESIS OF A FERROCENE BASED MONOMER FOR USE IN RING
OPENING METATHESIS POLYMERIZATION

A dissertation

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Chemistry

by
Ralph Isovitsch
B.S. Grove City College, 1992
May 1997

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Number: 9736020

UMI Microform 9736020
Copyright 1997, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Dedication

To my parents

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Acknowledgments
All of this has been done under the guiding hand of Dr. Andrew Maverick. He
will always have my deepest gratitude for teaching me to be a chemist and for his infinite
patience.
Thanks go to Dr. Harold Weingarten for showing me how to be an effective
teacher.
For technical assistance the following gave invaluable help: Dr. Daniel Church for
exact mass measurements, Marcus Nauman for his NMR expertise, and Dr. Frank
Fronczek for determination of all o f the crystal structures presented in this work.
I need to thank Dr. Scott Cowell for helping me with too many things to
enumerate and Dr. Doris Culberson for being an inspiring figure of strength in all
respects.

in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table Of Contents
Dedication................................................................................................................ ii
Acknowledgments...................................................................................................iii
List o f Tables............................................................................................................vi
List of Figures...........................................................................................................vii
Abstract.................................................................................................................... x
Chapter 1
Introduction.............................................................................................................. 1
1.1. Conducting Polymers........................................................................... 1
1.2. Applications of Photochemistry.............................................................6
1.3. References..............................................................................................12
Chapter 2
Preparation of 1,4-[3,3'-bis(l, l-dimethylpentyl)-l,l'-ferrocenediyl]-l,3-butadiene
as a Monomer for Ring Opening Metathesis Polymerization.....................................15
2.1. Introduction..............................................................................................15
2.2. Approaches to Ferrocene-Containing Polymers...................................... 15
2.3. Results and Discussion.............................................................................19
2.4. Conclusions.............................................................................................. 22
2.5 Experimental............................................................................................. 22
2.5.1.-Synthesis o f l-(l,l-dimethylpentyl)-cyclopenta-2,4-diene, 1...23
2.5.2. Synthesis of l,r-bis(l,l-dimethylpentyl)ferrocene, 2..............24
2.5.3. Synthesis of l,l'-bis(l,l-dimethylpentyl)-3,3'diacetylferrocene, 3................................................................ 24
2.5.4. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)1.1 -ferrocenediyl]-1,4-butanedione, 4................................... 25
2.5.5. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)1.1 -ferrocenediyl]-1,4-butanediol, 5.........................................26
2.5.6. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)1, T-ferrocenediyl]-l,3-butadiene, 6........................................27
2.6. References..............................................................................................27
Chapter 3
Photoredox Reactions of Oxomolybdenum(V) with Phosphines............................... 30
3.1. Introduction..............................................................................................30
3.2. Experimental............................................................................................ 33
3.2.1. Thermal Reaction of MoOCl4(H20 )- with PEt3.....................33
iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.2.2. Structure Determination of (PPh4)2[MoOCl3]-2CH2Cl2............ 34
3.2.3. Irradiation of Mo(V)-phosphine mixtures................................. 34
3.2.4. X-ray Analyses...........................................................................35
3.3. Results....................................................................................................... 35
3.3.1. Thermal Reaction of MoOCl4(H20)~ with PEt3......................... 35
3.3.2. Irradiation of Mo(V) with PEtjPh, PEtPhj and PPh3..................45
3.4. Dark Reactions o f Mo(V) with PEtjPh, PEtPh2 and PPh3......................... 53
3.4.1. PEtjPh..........................................................................................53
3.4.2. PEtPhj..........................................................................................54
3.4.3. PPh3..............................................................................................54
3.5. Discussion.................................................................................................. 56
3.6. Conclusions................................................................................................62
3.7. References.................................................................................................. 63
Chapter 4
Phosphorescence of Oxygen-Containing d2 Molybdenum Complexes......................... 66
4.1. Introduction............................................................................................... 66
4.2 Results and Discussion............................................................................... 67
4.3 Experimental............................................................................................... 81
4.3.1. Synthesis o f [MoOC^dppe^OBFJ.............................................82
4.3.2. Synthesis o f [MoOCl(CN-/-Bu)4](BPh4)..................................... 82
4.3.3. Synthesis o f [Mo(OCH3)2(CN-f-Bu)4](PF6)2............................... 82
4.4. Conclusions................................................................................................. 83
4.5. References................................................................................................... 83
Chapter 5
Electronic Spectrum and Structure of/2arc-MoOCl3(dppe)........................................... 86
5.1. Introduction................................................................................................ 86
5.2. Experimental..............................................................................................87
5.2.1. Synthesis and Crystal Growth................................................... 88
5.3. Results and Discussion...............................................................................88
5.4. Conclusions................................................................................................. 91
5.5. References................................................................................................... 91
Chapter 6
Summary....................................................................................................................... 99
6.1. References................................................................................................103
Vita................................................................................................................................105

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List Of Tables
Table 3.1. Substrate, oxygen-containing product and yield from photochemical
oxygen atom transfer with trans-[0svl(CN)4(0)2]2' ' ........................................... 32
Table 3.2. Crystal data for (PPhJjtMoOCljJ^CH^Clj and
MoCl3(OPEt2Ph)2(PEt2Ph).................................................................................. 37
Table 3.3. Selected interatomic distances for (PPh4)2[MoOCIs]*2CH2Cl2 and

MoCljCOPEtjPh^CPEtjPh)............................................................................38
Table 3.4. Positional Parameters and their estimated standard deviations for the
anion in (PPh4)2[MoOCl5]*2CH2Cl2..................................................................... 39
Table 3.5.31P NMR data for Reactions of MoOCl4(NCCH3)_
with PEt3. nPhn (n = 0-3)..................................................................................... 44
Table 3.6. Positional Parameters and their estimated standard deviations for the
anion in M oCl^OPEtjPh^^Et^h).................................................................... 50
Table 4.1. Crystal Data for [Mo(OCH3)2(CN-/-Bu)4](PF6)2............................................70
Table 4.2. Selected Interatomic Distances/A for [Mo(OCH3)2(CN-f-Bu)4](PF6)2..........70
Table 4.3. Positional parameters and their estimated standard deviations
for [MoCOCH^CN-Z-Bu^CPF^..................................................................... 71
Table 4.4. Absorption data for d2 complexes..................................................................73
Table 4.5. Phosphorescence of molybdenum(TV) and related d2 complexes.................. 74
Table 5.1. Electronic absorption spectra of selected oxomolybdenum(V) complexes.... 90
Table 5.2. Crystal Data for MoOCl3(dppe)...................................................................... 92
Table 5.3. Selected Interatomic Distances/A for MoOCl3(dppe).................................... 93
Table 5.4. Positional parameters and their estimated standard deviations
for MoOCl3(dppe)................................................................................................95

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

List Of Figures
Figure 1.1. The Edwards and Feast retro-Diels-Alder route to
poly(acetylene).............................................................................................. 2
Figure 1.2. ROMP catalysts of Schrock and Osborn.................................................3
Figure 1.3. The mechanism of Ring Opening Metathesis
Polymerization (ROMP)................................................................................4
Figure 1.4. Excited state deactivation processes......................................................... 7
Figure 1.5. Excited state electron transfer...................................................................8
Figure 1.6. The donor and acceptor complexes [Ru(phen')2(dppz)]2+
and [Rh(phi)2(phen')]3+..................................................................................9
Figure 1.7. Photochemical synthesis of P-lactams.........................................................10
Figure 1.8. Proposed catalytic cycle for the photochemical oxidation of
substrates using oxomoIybdenum(V)...............................................................12
Figure 2.1. Stacked metallocene polymer of Rosenblum, R = 2-octyl......................... 16
Figure 2.2. Preparation of poly(ferrocenylsilane), R = CH3, C6H5................................16
Figure 2.3. Three dimensional polymeric network of disulfide linked
ferrocenes, R = Q H ,.........................................................................................17
Figure 2.4. Hybridization to form a metallocene-diene polymer...................................18
Figure 2.5. ROMP monomers, R = H or 1,1-dimethylpentyl........................................ 18
Figure 2.6. Synthesis o f l,4-[3,3'-bis(l,l-dimethylpentyl)-l,r-ferrocenediyl]1,3-butadiene, R = 1,1-dimethylpentyl........................................................... 20
Figure 3.1. ORTEP drawing of the anion in (PPh4)2[MoOCl5]-2CH2Cl2..................... 40
Figure 3.2. Electronic absorption spectra illustrating the
photochemical reaction of Mo(V) with P E t^h in
,
CHjCN. Irradiation times:------------, initial spectrum;
one day;
, two days;
three days....................................................... 46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 3.3. ORTEP drawing ofMoCl^OPE^PhkOPEtjPh)........................................... 49
Figure 3.4. Electronic absorption spectra illustrating the
photochemical reaction o f Mo(V) with PEtPhj in
CH3CN. Irradiation times:----------- , initial spectrum;--------,
one day;
, two days;
three days. Inset shows
isosbestic point at 706 nm..................................................................................52
Figure 3.5. Electronic absorption spectra illustrating the
photochemical reaction of Mo(V) with PPh3 in
CH3CN. Irradiation times:----------- , initial spectrum;-------- ,
one day;
, two days;
three days. Inset shows
isosbestic point at 695 nm................................................................................. 55
Figure 3.6 Pathway for oxygen atom transfer, equatorial chlorides
omitted for clarity............................................................................................ 56
Figure 3.7 Proposed routes for formation of other molybdenum complexes............. 57
Figure 3.8. Electronic absorption spectra illustrating the reaction
of MoOC14(H20)~ with PEt3 in CH2C12. ------------, MoOCl4(H20)";
, immediately after addition of PEt3......................................................... 61
Figure 4.1. ORTEP representation of the cation of
[Mo(OCH3)2(CN-f-Bu)4](PF6)2.......................................................................... 69
Figure 4.2. Electronic spectra of [MoOCl(dppe)J[BF4].
Absorption:------------- , 300 K, CH3CN solution. Corrected
phosphorescence (arbitrary units):
, 300 K,
solid;
, 77 K, solid.......................................................................................75
Figure 4.3. Electronic spectra of [Mo(OCH3)2(CN-/-Bu)4][PF6]2.
Absorption:------------- , 300 K, CH3CN solution. Corrected
phosphorescence (arbitrary units): ......., 300 K,
solid;
, 77 K, solid.................................................................................. 76
Figure 4.4. Electronic spectra of [MoOCl(CN-f-Bu)4][BPh4].
Absorption:------------- , 300 K, CH2Cl2 solution.Corrected
phosphorescence (arbitrary units):--------, 300 K,
solid;
, 77 K, solid.......................................................................................77
Figure 4.5. Phosphorescence spectrum of [MoOCl(CN-/-Bu)4][BPh4]
in CH2C12 at room temperature..........................................................................78

vui

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 4.6. Proposed phosphorescence quenching of
MoOCl(CN-/-Bu)4+ by salts of benzyl viologen................................................80
Figure 5.1. Electronic absorption spectrum of a 0.0013 M CH3CN
solution of MoOCl3(dppe)................................................................................94
Figure 5.2 ORTEP plot for MoOCl3(dppe)................................................................... 97
Figure 6.1. Retrosynthetic pathway for the preparation of ferrocene
ROMP monomers.......................................................................................... 100
Figure 6.2. Attempted preparation ofMoOCI2(terpy)............................................... 103

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Abstract
The brick-red ferrocenophene l,4-[3,3'-bis(l,l-dimethyIpentyl)-l,rferrocenediyl]-l,3-butadiene was prepared via a six-step synthetic route. It was isolated
and characterized for use as a monomer in Ring Opening Metathesis Polymerization.
Fluorescent molybdenum(V)-oxo complexes such as MoOC14(H20 )_ undergo
thermal and photochemical reactions with the series of phosphines PEt3, PEtjPh, PEtPh2
and PPh3 as oxygen atom acceptors. PEt3 reacts spontaneously to form several products:
(PPh4)[MoCl4(PEt3) ], (PPh^lMoOCIJ^CHjClfc and a maroon oil that contains OPEt3,
2

MoOCl2(PEt3)3and MoCl4(PEt3)2. Both (PPh4)[MoCl4(PEt3) ] and OPEt3 are products of
2

an oxygen atom transfer reaction. PEtjPh and PEtPh2 also produce the corresponding
phosphine oxides, but only under irradiation. The molybdenum(m) complex
MoCl3(OPEt Ph)2(PEt Ph) was isolated from irradiated Mo(V)-PEt2Ph solutions. PPh3
2

2

is not oxidized under these conditions. Selective irradiation o f the longer-wavelength
molybdenum(V) absorption bands leads to similar photoredox reactions, but much more
slowly.
The electronic absorption spectra of the irradiated Mo(V)-PEtPh2 and Mo(V)PPh3 solutions are similar to those of the known oxomolybdenum(V) complex
MoOCl3(dppe), whose X-ray crystal structure is also reported.
The spectroscopic and photochemical properties o f these species were also
compared with those of the known oxomolybdenum(IV) complexes MoOCl(dppe)2+
(dppe = l,2-bis(diphenylphosphino)ethane) and MoOC1(CN-/-Bu)4+ and the new
dimethoxymolybdenum(IV) complex Mo(OCH3)2(CN-f-Bu)42+. All three o f these
x
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compounds are luminescent in the solid state at room temperature and at 77 K, with
MoOCl(CN-t-Bu)/ also exhibiting luminescence in CH2C12 solution at room
temperature. Luminescence lifetimes are >1 ps for all three complexes; the transition
assigned as phosphorescence, 3E[(d:ty)I(d3aiy2)1]->1A1[(dxy)2] (C4v).
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Chapter 1
Introduction
1.1. Conducting Polymers
Conducting polymers are of interest because they can have the strength and
processability normally associated with polymers, and the electrical conductivity of a
metal. Applications of these polymers are envisioned in the areas o f electronics,11,1-2 solar
energy conversion systems1-3 and non-linear optics.1-4*1-6 Of the numerous conducting
polymer systems that have been made, poly(acetylene) is the simplest and best
understood. Pure poly(acetylene) has semiconductor properties at room temperature, but
when exposed to dopants such as chlorine, bromine, iodine or AsFs, its conductivity is
increased by several orders of magnitude.1-7,1-* The preparation of poly(acetylene) can
involve the use o f Ziegler-Natta type catalysts, the synthesis of a precursor polymer
which is then chemically modified to give the desired poly(acetylene), or most recently
the use of Ring Opening Metathesis Polymerization.
The first thorough investigations into the polymerization o f acetylene were done
by Natta and co-workers in 1958 using a heterogeneous catalyst system of A1(C2HS)3 and
Ti(OC3H7)4. The catalyst system was slurried into heptane at low temperature, and
acetylene gas was then bubbled through.1-9 Poly(acetylene) prepared by this method was
often obtained as a dark powder that possessed extemely limited solubility which caused
difficulties in processing.
The next synthetic advance was the production of free-standing films of
poly(acetylene) by Shirakawa and Ikeda for use in IR and Raman spectroscopic
1
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2
studies.110 They used a Ziegler-Natta catalyst system (Ti(OC4H9)4-Al(C2HJ)3) and
solvents suitable for polymerization over a wide range of temperatures. The acetylene
gas was introduced to unstirred concentrated solutions of the catalyst which resulted in
the formation of polymer films. Other catalyst systems have been employed in the
preparation of poly(acetylene), but the Ziegler-Natta catalyst used by Shirakawa et al. is
the one that is used most often.
The low solubility of poly(acetylene) makes it difficult to process into usable
shapes. In 1980, Edwards and Feast1*11 proposed a different route to poly(acetyIene) that
would remedy this situation. Their goal was to synthesize an easily prepared monomer
which would undergo polymerization to form a soluble and processable polymer that
would be a precursor to poly(acetylene). This polymer precursor would be formed into a
desirable shape and then be chemically transformed via a retro-Diels-Alder reaction into
poly(acetylene). Their monomer 1, and polymer 2, are shown in Figure 1.1.

n
2
1
Figure 1.1. The Edwards and Feast retro-Diels-Alder route to poly(acetylene).
Their approach begins with the synthesis o f monomer 1, which is easily prepared
in 80% yield from hexafluorobut-2-yne and cyclooctatetrane. Ring opening metathesis
polymerization of 1 with W C l^ Q H ^ S n (1:2) or TiCl4:Et3Al (1:2) catalyst systems
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resulted in the formation of the fawn colored, soluble polymer 2. Thin films cast of
polymer 2 eliminated l,2-bis(trifluoromethyl)benzene via a retro Diels-Alder reaction
over a period of three days to give a black material with metallic luster identified as
poly(acetylene).
While the route of Edwards and Feast does to some extent solve the problem of
the insolubility of poly(acetylene), it does add several steps to the overall polymer
synthesis. Ring Opening Metathesis Polymerization (ROMP) shows promise as being a
versitile route to poly(acetylene). ROMP employs a transition metal carbene catalyst to
polymerize strained cyclic olefins.
ROMP catalysts have been made based on numerous transition metals.112 Two
examples o f tungsten ROMP catalysts made by Schrock et a/.113 and Kress and
Osborn1-14 are shown in Figure 1.2.

Figure 1.2. ROMP catalysts of Schrock and Osborn.
The generally accepted mechanism of ROMP115,116 is shown in Figure 1.3. It
begins with the transition metal carbene catalyst undergoing a [2+2] cycloaddition with a
cyclic olefin to form a metallacycle. This metallacycle then undergoes a retro-[2+2]
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4
cycloaddition to regenerate the transition metal carbene catalyst and the double bond of
the mononer. Repetition of this process results in the elongation o f the polymer chain.

/

O

[M]

/

o

[Ml

o
■o

Figure 1.3. The mechanism of Ring Opening Metathesis Polymerization (ROMP).
Perhaps the most valuable characteristic of ROMP as a synthetic method for
conducting polymers is that the number of double bonds in the monomer is conserved in
the polymer. This makes possible the preparation of extended conjugations of double
bonds when a cyclic diene or polyene is used as the monomer. Also, the molecular
weight distribution of polymers produced by ROMP is narrow,117 and the average
molecular weights are easily controlled.11*ROMP catalysts can tolerate a wide variety of
chemical functionalities, which can allow flexibility in the design of a monomer.119
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5
Numerous groups have attempted the ROMP of cyclooctatetraene (COT) to
poly(acetylene), with mixed results. Hocker et a/.1-20 reported the polymerization of COT
using a classic metathesis catalyst, WCIg/AlEtjCl. Using dilute solutions of catalyst they
obtained low yields o f an insoluble powder. Vapor deposition of COT onto a catalyst
slurry resulted in films with substandard electrical properties. They did not report any
conductivities.
Grubbs and Klavetter presented a novel and convenient route to poly(acetylene)
via the ROMP of COT.115 Their method involved first dissolving a tungsten ROMP
catalyst in pentane. This solution was then spread evenly on a glass slide and the pentane
was left to evaporate. COT was then syringed all at once onto this catalyst coated slide.
After several seconds a highly reflective silvery film of poly(acetylene) resulted. Spectral
and physical analysis o f these films confirmed their purity and high quality. Doping of
these films with iodine gave films with conductivities greater than 100 Q-I/cm. Taking
advantage of the numerous available derivatives of COT,1-21 Grubbs et al. expanded this
work by using trimethylsilylcyclooctatetraene to produce THF-soluble trimethylsilylsubstituted poly(acetylenes)1-3. They found that trimethylsilyl substituents add solubility
while still allowing conductivity in the doped films. The desirable properties of this
soluble poly(acetylene) derivative were exploited by producing silicon/poly(acetylene)
junctions that acted as solar cells.
Traditional solar cells employ silicon/metal junctions that exhibit poor
photovoltaic behavior because chemical reactions at the interface lead to high
recombination rates regardless of the metal used. This behavior results in low open
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6
circuit voltages and low solar conversion efficiencies. In contrast, I2-doped films of this
poly(acetylene) derivative make contacts with silicon that produce larger open circuit
voltages than can be obtained using conventional methodologies.
The ROMP method of producing poly(acetylene) has been demonstrated to be
the most versatile by the work of Grubbs and co-workers. Because of this adaptability,
we have chosen it as the method of eventual production o f our conducting polymer that
will be based on ferrocene units joined by butadiene linkages. Toward this goal, we
report our rationale and synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)-l,rferrocenediyl]-1,3-butadiene, a monomer for use in Ring Opening Metathesis
Polymerization, in Chapter 2.
1.2. Applications of Photochemistry
A photochemical or photophysical process begins when a molecule absorbs a
photon of light. The excited state that is formed can undergo numerous processes to lose
its energy and return to the ground state. In radiationless processes, the excess energy of
the excited state can be dissipated as heat in a transition to a lower energy state.
Alternatively, deactivation of the excited state can occur through emission of excess
energy as light(luminescence). This is known as fluorescence when the excited state has
the same spin multiplicity as the ground state and phosphorescence when it does not.
The excited state can also undergo a chemical reaction such as isomerization or
cleavage. All of the preceding processes are unimolecular.
When the lifetime of the excited state is of sufficient length, the excited molecule
has a chance to undergo a bimolecular process with a molecule of another solute, B
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unimolecular photochemical
products
k,r
A

+

hv

A
+
hv
luminescence

* A*

+E

A
+
heat
radiationless processes

A and/or products
bimolecular photochemical products
Figure 1.4. Excited state deactivation processes.
(Figure 3.4). This can be a photochemical reaction(e.g. electron transfer, bond
formation) or energy transfer. Figure 1.4 illustrates these deactivation processes.1'22,123
The study of the photochemistry of transition metal complexes is attractive for
numerous reasons. Many transition metal complexes are brightly colored chromophores
that absorb visible light. Also, these complexes can be stable in several adjacent
oxidation states. This property can be advantageous if the complex is to be used in the
reduction or oxidation of organic or inorganic substrates. Perhaps the most important
characteristic is that transition metal complexes can possess long excited state lifetimes in
solution at room temperature. A long excited state lifetime improves the chances for
bimolecular photochemical reactions to occur.
Ru(bpy)32+ and related ruthenium(II) polypyridine complexes have been
extensively studied. They offer a unique combination of chemical stability, redox
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properties (one oxidation and three reduction processes), and attractive photophysical
traits that has stimulated research in numerous areas of pure and applied chemistry.1'22
Ru(bpy)32+ has been used as reagent for photochemical electron transfer.
A simple representation of this process is illustrated in Figure 1.5. Equation 1 shows a
dark reaction that either cannot take place for thermodynamic reasons or is slow for
kinetic reasons. Upon excitation (equation 2) a reducing species A reaches an excited
state, A*, which is better able to overcome an unfavorable energy of activation. A* can
also be considered a stronger reductant so the reaction (equation 1) is able to overcome
unfavorable thermodynamic conditions. The reaction occurs via the excited state of A
(equation 3).

A

+

B

A

+

hv

A*

+

X— ►

B

A+

------------ ►

A*

►

A+

+

B”

( 1)
(2)

+

B"

(3)

Figure 1.5. Excited state electron transfer.
Instances of Ru(bpy)32+ being used as an electron transfer reagent are numerous.
Adamson and Gafney1'24 investigated the production of cobaIt(II) via the irradiation of
H2S 04 solutions of [Ru(bpy)3]Cl2 and [Co(NH3)jBr](N03)2. More recently, Barton and
co workers have exploited the photophysical properties of a ruthenium(II) polypyridine
complex to probe long-range electron transport through a DNA helix.125 Using the
intercalating properties of the complexes depicted in Figure 1.6 they demonstrated rapid
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[Rh(phi)2(phen')]3+

[Rurpben’^ d p p z )]2'1"

Figure 1.6. The donor and acceptor complexes [Ru(phen')2(dppz)]2+and
[Rh(phi)2(phen')]3+.
photoinduced electron transfer over distances greater than 40 A through the rc-stacked
base pair of a DNA helix.
The ruthenium(II) complex shows no luminescence in water, but luminesces
intensely in the presence of DNA because intercalation of the dppz ligand protects the
phenazine nitrogen atoms from quenching by water. The acceptor, [Rh(phi)2(phen')]3+
(phi = 9,10-phenanthrenequinone diimine), was shown to be an efficient quencher of
[Ru(phen')2(dppz)]2+ emission.1-25When these two complexes were incorporated into
DNA the luminescence of [Ru(phen')2(dppz)]2+ was efficiently quenched by long
distance electron transfer through the rc-stacked base pairs to [Rh(phi)2(phen')]3+.
Picosecond single photon counting experiments established a lower limit of ca. 109 s-1
for the quenching rate.
Transition metal complexes with attractive photophysical properties can offer
unique bond forming opportunities in organic synthesis that would be difficult by
traditional routes. An example of this is the diastereoselective photochemical synthesis of
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P-lactams using chromium carbenes and imines.U6 Under thermal conditions imines react
at the a-carbon of the carbene, producing a new carbene (for example, see Figure 1.7).
Hegedus and co-workers discovered that when a chromium carbene was irradiated in
diethyl ether with a variety o f acyclic imines a monocyclic P-lactam was produced. The
reaction was found to be stereospecific, with only one diastereomer of the product being
produced. Yields of these reactions varied with the substituents, with the lowest yield

o^Q §3

^o c h 3
(CO)sC r = C

E tjO
R*

R* =CH3

R1

R2

R3

R4

CH3

H

Ph

H

90

Ph

Ph

20

Ph

H

% yield

Figure 1.7. Photochemical synthesis of P-lactams.
being 20% and the highest being 90%.
The chromium carbene (CO)sCr=C(OCH3)(CH3), representative of the type
depicted in Figure 1.7, has an absorption band in the UV

377 nm, e 4500 M~l

cm ‘) that is attributed to the spin-allowed Cr-»carbene n* MLCT transition.127
Irradiation in this band increases the electron density on the carbene carbon, making it
more nucleophilic. The MLCT excited state is then free to attack the electrophilic
nitrogen of the imine to begin the process of P-lactam formation.
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This stereoselective P-lactam synthesis takes advantage of the photophysical
properties of the chromium carbene to perform a procedure that would be difficult using
traditional methods o f organic synthesis.
These examples are a small sampling of the broad range of applications of the
photochemistry of transition metal complexes. Our goal has been to take advantage of
photophysical properties of complexes that show multielectron redox activity to achieve
the transformation o f substrates molecules.
The present work involves complexes of oxomolybdenum(V) and -(IV).
Molybdenum complexes are desirable for multielectron redox reactions because they are
stable in oxidation states from -II to y i.1-28-1-29 The photophysical properties of
oxomolybdenum(V) have been investigated previously.1-30 We have explored its utility as
a reagent for photochemical oxygen atom transfer. Combining the photoreduction of
oxomolybdenum(V) with the photooxidation of molybdenum(III)1-31would allow
construction of a catalytic cycle for the photochemical oxidation o f organic or inorganic
substrates (Figure 1.8). Our work involving the photoredox reactions of
oxomolybdenum(V) with phosphines is in Chapter 3.
Because oxomoIybdenum(V) has a dl electronic configuration, only a fluorescent
excited state is possible. The photophysical characteristics o f oxygen containing d2
molybdenum complexes were explored in the hopes of accessing a longer-lived
phosphorescent excited state for use in photoredox reactions. Chapter 4 details our work
with the oxomolybdenum(TV) complexes MoOCl(dppe)2+ and MoOCl(CN-r-Bu)/ as
well as the dimethoxymolybdenum(TV) complex Mo(OCH3)2(CN-/-Bu)42\
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Figure 1.8. Proposed catalytic cycle for the photochemical oxidation of
substrates using oxomolybdenum(V).
We believe one of the major products in the photochemical reaction of
oxomolybdenum(V) with phosphines is a complex of the type 7&rc-MoOCl3(PR3)2. In
Chapter 5 we report our investigation of the crystal structure and properties of the very
similar complex/ac-MoOC^CPhjPCH^CHjPPhj).132
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Chapter 2
Preparation of 1,4-[3,3 '-bis( 1,1-dimethylpentyl)-1,1 -ferrocenediyl]-1,3-butadiene as a
Monomer for Ring Opening Metathesis Polymerization
2.1 Introduction
Ferrocene is an attractive molecule on which to base a conducting polymer for
numerous reasons. It is air-stable and thermally robust up to 500°C.2-1 A polymer
containing ferrocene units could be doped by oxidation of some o f the ferrocene units to
ferrocenium. Ferrocenium is inert to oxygen, so the resulting doped polymer would still
retain air-stability. This is in contrast to doping of traditional conducting polymers, which
often renders them air-sensitive and brittle. Ferrocene also possesses an extensive
organic chemistry, which would allow flexibility in the design of a monomer.12
2.2. Approaches to ferrocene-containing polymers
Rosenblum and co-workers2’3"2*5 have designed a stacked metallocene polymer in
which the monomeric units are constrained to interact with one another through space
across the cyclopentadienyl surfaces (Figure 2.1). If the intemuclear distance between
the cyclopentadienyl rings is 4 A or less, electron or hole conduction in a partially
oxidized array of such a polymer might occur through overlapping ring rc-orbitals.
Deprotonation o f the monomer with Na[N(Si(CH3)3) ] and then complexation
2

with FeCl2 gave a polymeric material that was shown to have a molecular weight of
139,000 by Gel Permeation Chromatography (GPC), and an average degree of
polymerization, n, equal to 260.

15
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Figure 2.1. Stacked metallocene polymer of Rosenblum, R = 2-octyl.
A ring-tilted ferrocenophane possessing a silicon atom was prepared by Manners
and coworkers as a monomer for a ferrocene containing polymer (Figure 2.2).z^zg When
heated, this silicon containing ferrocenophane undergoes ring-opening polymerization to
produce poly(ferrocenylsilanes).

Figure 2.2. Preparation of poly(ferrocenylsilane), R = CH3, C6Hj .
GPC analysis of the air-stable polymer formed in the case when R = CH3, gave
M n = 3.4 X 10s and M w= 5.2 X 10s. Electrochemical investigation of this polymer
showed interaction between the ferrocene units in the polymer chain.2-9 Polymerization of
the ferrocenophane with R = C6Hj gave an insoluable material.
Galloway et al.Z10 have shown that when an alkyl-substituted disulfido-linked
ferrocene (Figure 2.3) is treated with «Bu3P as a desulfiirization agent, a three
dimensional polymeric network of ferrocenes joined by disulfide linkages is formed. GPC
analysis of this material gave M„ » 8.5 X 10s and

« 3.0 X 106.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

17

s

Fe
R

S

S
Figure 2.3. Three dimensional polymeric network of disulfide linked ferrocenes, R =
QH,.

Previous routes in the preparation of t-conjugated polymers have involved step7

growth and polycondensation polymerization

. 2 -1 1 "2' 1 2

Our approach to an organometallic

involved the conceptual fusion of two known conducting polymers, poly(acetylene) and
poly(l, ’-ferrocenylene) to form a metallocene-diene polymer (Figure 2.4). Grubbs and
1

co-workers have sucessfiilly formed poly(acetylene) from 1,3,5,7-cyclooctatetraene via
Ring Opening Metathesis Polymerization (ROMP

) . 2 - 1 3 *2 - 1 4

Successful application of

ROMP requires a strained cyclic olefin. We reasoned that our proposed monomer
(Figure 2.5)would possess enough ring strain to yield the desired metallocene-diene
polymer upon application of ROMP.
A crystal structure o f the monomer where R = H was obtained

.2 ' 15

A dihedral

angle of 10.2° was observed for the cyclopentadienyl planes. The butadiene bridge
imposes a twist angle of 43.6° and an approximate 10° distortion for the bridge sp

2
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carbon bond anlges was noted. These characteristics pointed to a successful application
of ROMP.
ROMP of the parent ferrocenophene (Figure 2.5, R = H) produced only an

Jn

Figure 2.4. Hybridization to form a metallocene-diene polymer,
oligomeric material. Crystallization of the growing polymer chain decreased its solubility,
preventing the achievement of high molecular weights. Our goal was to synthesize a

Figure 2.5. ROMP monomers, R = H or 1,1dimethylpentyl.

monomer with alkyl substituents. These substituents would serve to decrease the
crystallinity of the growing polymer chain, allowing the formation of a higher molecular
weight product. Toward this goal we have prepared l,4-[3,3'-bis(l,l-dimethylpentyI)1, l'-ferrocenediyl]-l,3-butadiene (Figure 2.5, R = 1,1-dimethylpentyl) as a monomer for
use in Ring Opening Metathesis Polymerization (ROMP).
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2.3. Results and Discussion
The synthetic route to the dialkylated monomer 6 is shown in Figure 2.6. The
first step involved the introduction of the alkyl substituents. To this end,
l-(l,l-dimethylpentyl)-cyclopenta-2,4-diene, 1, was prepared by treating
6

, -dimethylfulvene with n-butyllithium in THF
6

. 2 - 1 6 "2 - 1 7

Distillation (75-80 °C/15 mm Hg)

of the crude reaction mixture gave pure 1 as a yellow oil. Distinctive features in the lH
NMR that aided in the identification of 1: the allylic proton signals at 2.94 and 2.88 ppm
as well as an intense singlet for the methyl protons at 1.19 ppm. The presence of
prototropic isomers of 1 resulted in multiple vinylic and allylic proton signals. These
prototropic isomers were unobservable by GC/MS.
Deprotonation of 1 with w-butyllithium and then complexation with FeCl 2THF
2

as the source o f Fe2+ resulted in the formation of the dialkylated ferrocene, 2. Purification
by column chromatography on silica gel with hexanes gave pure
yellow/orange oil. The structure of 2 was supported by ^

13

2

as a deep

C, FT-IR, and elemental

analysis. Prominent features in the lH NMR spectrum of 2 include signals for the
cyclopentadienyl ring protons at 4.05 and 3.98 ppm as well as a singlet at 1.23 ppm for
the methyl groups. The singlet for the methyl groups is pronounced, but overlaps the
signals for the alkyl chain. This made its integrations unreliable.
Friedel-Crafts acylation

1 1 8

of 2 with an acetyl chloride/AlCl mixture produced
3

isomers of the diacylated ferrocene, 3. Isolation of 3 was carried out by column
chromatography on silica gel with a progressively more polar eluent. Hexanes eluted a
deep yellow/orange band, which was the starting material ;
2

1 0

% ethyl acetate/hexanes
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Figure 2.6. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)-l,r-ferrocenediyl]-l,3-butadiene, R =
-dimethylpentyl.
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eluted an orange band, which was the mono-acylated product; and 25% ethyl
acetate/hexanes eluted the desired diacylated product, 3, as a red/orange band. GC/MS
was used to identify these fractions. Structure elucidation o f 3 by NMR was difficult: the
integrations for the alkyl chain were unreliable because of overlapping signals and
structural isomers were seen as small baseline peaks. Four signals were present in the lH
NMR at 4.79, 4.55, 4.44 and 4.26 ppm, whereas only three different signals were
expected. The additional resonance may be due to the presence of structural isomers.
The structural isomers were unobservable by GC/MS; one peak was present with M+=
466. The presence of acyl groups in 3 was confirmed by FT-IR (carbonyl band at 1670
cm-1) and 13C NMR (202.0 and 201.2 ppm).
The method of choice to form the required bridge between the ferrocene rings
was to join the acyl groups via a Saegusa coupling. Reaction o f 3 under Saegusa

1 1 9

coupling conditions (w-butyllithium followed by CuClj/DMF with dilute HCl(aq) work
up) produced a large quantity of intractable tar which resulted in a difficult workup and
low yields o f the desired product. The nucleophilic nature of n-butyllithium could
produce other products than the desired one. Use of the less nucleophilic base potassium
bis(trimethylsilyl)amide for deprotonation and workup with an aqueous solution of
ammonium chloride simplified the reaction considerably by eliminating emulsion
formation and solid by-products. Purification on alumina with 10% ethyl acetate/hexane
gave the coupled 1,4-diketone, 4 as a deep maroon oil. In the GC/MS o f 4, smaller peaks
with the correct M" = 464 were present. These were attributed to the structural isomers
produced by the Friedel-Crafts acylation step. A carbonyl band at 1666 cm

- 1

in the IR,
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the appearance o f an AABB' pattern at 3.00 ppm in the *H NMR for the bridge protons,
and a correct exact mass determination confirmed the structure o f 4.
Reduction of the coupled dilcetone, 4, with LiAlH in THF gave the 1,4-diol, 5, in
4

quantitative yield. The structure o f the diol was supported by the appearance of an IR
band at 3414 cm

- 1

and the disappearance of the carbonyl signals in the IR and 13C

spectra. No GC/MS data could be obtained for the 1,4-diol. It had the tendency to
dehydrate to the diene , M+ = 432, and the partial dehydration product (an ether), M+ =
6

450, on the GC column.
Acid-catalyzed dehydration o f the 1,4-diol, 5, with camphorsulfonic acid in
refluxing benzene and then chromatography on silica gel with hexanes resulted in the
successful isolation of the desired diene, .
6

2.4. Conclusions
We have successfully obtained the ferrocene-diene ROMP monomer, , via the
6

six- step synthesis depicted in Figure 2.1. The preparation of will hopefully aid the
6

solubility of the growing polymer chain and allow the realization o f a high molecular
weight polymer.
2.5. Experimental
All reactions and manipulations were performed using standard Schlenk
techniques. Tetrahydrofiiran (THF) was distilled from potassium/benzophenone and
dichloromethane was distilled from CaH prior to use. Solvents were removed on a
2

rotary evaporator using a water aspirator. All reagents were obtained from Aldrich and
used without further purification unless otherwise indicated. n-Butyllithium was used as
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a 1.6 M solution in hexanes. Potassium bis(trimethylsilyl)amide was used as a 0.5 M
solution in toluene. Column chromatography procedures involved silica gel (Scientific
Adsorbents Inc., 40 microns) and alumina (Aldrich, neutral, Brockmann I, 150 mesh).
FT-IR spectra were recorded on a Perkin-EImer 1760X FT-IR spectrometer. *H
NMR spectra were recorded on a Bruker AC

2 0 0

spectrometer at

2

0

0

MHz and 13C

NMR spectra were recorded at 50 MHz. Chemical shifts are reported in ppm downfield
from tetramethylsilane as the internal standard. GC/MS (electron impact) spectra were
recorded at 70 eV on a Hewlett Packard 5971 instrument. Exact mass determinations
were performed on a Kratos Profile double focusing LC/MS. Elemental analyses were
performed by Oneida Research Services, Inc. (Whitesboro, NY).
2.5.1. Synthesis of >(1,1-dimethylpentyl)-cyclopenta-2,4-diene,
1

6

1

, -dimethylfuIvene (4.99 g, 0.047 mol) was dissolved in dry THF (100 mL).
6

This solution was cooled using an ice/acetone bath, and then n-butyllithium (0.094 mol)
was added dropwise. After 1.5 hours the reaction was judged complete by GC/MS
analysis. Workup was with saturated aqueous ammonium chloride. The organic portion
was dried over MgS04, and after solvent removal a yellow/brown oil remained.
Distillation (75-80°C/15 mm Hg) gave 2.97 g (41%) of a bright yellow oil, 1.
GC/MS: M+= 164; ER. (thin film): 3069, 2928, 2860, 1642, 1597, 1468, 1364, 898, 679,
634 cm-1;

NMR (CDC13): 6.54 (m, 2H, vinylic protons), 6.40 (m, 3H, vinylic

protons), 6.26 (m, 1H, vinylic proton), 6.14 (m, 1H, vinylic proton), 5.95 (m, 2H, vinylic
protons), 2.94 (m, allylic proton), 2.88 (m, allylic proton), 1.39 (m, alkyl chain protons),
1.14 (m, alkyl chain protons), 1.08 (m, alkyl chain protons); l3C NMR (CDC13): 158.5,
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155.8, 133.3, 132.8,132.0, 130.4, 124.8, 123.6, 43.6, 42.2, 40.9, 40.5, 40.2, 36.2, 35.1,
28.7, 27.6, 27.1, 27.0, 23.4, 23.1, 14.1.
2.5.2. Synthesis of l,r-bis(l,l-dimethylpentyl)ferrocene,

2

l-(l,l-dimethylpentyl)-cyclopenta-2,4-diene, 1, (3.00 g, 18.29 mmol) was
dissolved in dry THF (75 mL). This was cooled using an ice/water bath and then nbutyllithium (22 mmol) was added dropwise. The reaction mixture went from bright
yellow to almost colorless. This was stirred for three hours and then FeCl -2THF (3.72
2

g, 13.72 mmol) slurried in dry THF (50 mL) was quickly cannulated into the reaction
mixture which immediately turned yellow-brown. The reaction mixture was left to stir
overnight. After workup with saturated aqueous ammonium chloride, drying with
M gS0 and solvent removal, column chromatography (silica gel with hexanes) gave
4

2.3 g (63%) of pure 2.
GC/MS: M+= 382; IR (thin film): 3094, 2958, 1729, 1678, 1626, 1466, 821 cm"1; lH
NMR (CDC13): 4.06 (m, 2H, Cp protons), 3.98 (m, 2H, Cp protons), 1.24 (m, alkyl
chain protons), 1.23 (s, methyl protons), 0.83 (m, alkyl chain protons); 13C NMR
(CDCI3): 101.1, 67.5, 66.0, 45.5, 33.2, 28.2, 26.9, 23.4, 14.1; anal. Calcd for C^HjgFe:

C, 75.38; H, 10.02. Found: C, 75.47; H, 9.98.
2.5.3. Synthesis of l,r-bis(l,l-dimethylpentyl)-3,3'-diacetylferrocene, 3
AICI (1.92 g, 14.4 mmol) was slurried into dry CH CI (50 mL) and cooled in an
3

2

2

ice bath. Acetyl chloride (1.13 g, 14.4 mmol) in dry CH CI (25 mL) was added
2

2

dropwise to the A1C1 suspension. Once the A1C1 was totally dissolved, ferrocene 2
3

3

(2.20 g, 5.76 mmol) in dry CH C1 (25 mL) was added dropwise to the reaction mixture.
2

2
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A deep purple solution resulted. This was stirred for 3 hours and then poured over ice
with 3 mL of concentrated HCI. The layers were separated and the aqueous layer
extracted twice with CH C12. The organic layers were combined, washed with water,
2

dried over magnesium sulfate and the solvent removed. The resulting oil was purified by
column chromatography on silica with hexanes to elute a yellow band, then

1 0

% ethyl

acetate/hexane to elute an orange band, then 25% ethyl acetate/hexane to elute the
product as a deep red/orange band. 1.33 g (50% yield) of pure 3 was obtained.
GC/MS: M+ = 466; exact mass: calcd: 466.2534; found: 466.2532; ER (thin film): 3096,
2959, 1740, 1670, 1460, 1048, 907 cm~l; *H NMR (CDC13): 4.79 (m, 1H, Cp proton),
4.55 (m, 1H, Cp proton), 4.44 (m, 1H, Cp proton), 4.26 (m, 1H, Cp protons), 2.43 (s,
3H, acyl protons), 2.29 (s, 1H), 1.29(m, alkyl chain protons), 0.88 (m, alkyl chain
protons); 13C NMR(CDC13): 202.0, 201.6, 107.0, 107.1, 79.3, 71.3, 70.9, 70.4,

6

8

. ,
0

67.7, 45.4, 33.6, 28.4, 28.0, 27.7, 26.8, 23.2, 14.0.
2.5.4. Synthesis of 1,4-[3,3'-bis( 1,1-dimethylpentyl)- ,1 -ferrocenediyl]-1,4butanedione, 4
1

To dry THF (50 mL) cooled with a dry ice/acetone bath was added potassium
bis(trimethylsilyl)amide (7.14 mmol). l,r-bis(l,l-dimethylpentyl)-3,3'-diacetylferrocene,
3, (1.33 g, 2.85 mmol) was dissolved in dry THF (20 mL) and added dropwise to the
base mixture. This was allowed to stir for hours and then anhydrous CuCl (0.96 g,
6

2

7.14 mmol) dissolved in anhydrous DMF (50 mL) was added quickly by cannula. The
solution was stirred overnight. Afterwards it was worked up with a saturated solution o f
NH Cl(aq). The layers were separated and the organic portion was washed several times
4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

26
with water. The organic portion was then dried over M gS0 and the solvent removed.
4

The resulting oil was chromatographed on alumina with 10% ethyl acetate/hexane to
give 0.30g (23%) of the 1,4-diketone, 4.
GC/MS: M+ = 464; exact mass: calcd: 464.2367: found: 464.2378; ER (thin film): 3095,
2931, 1738, 1666, 1466, 1366, 733 c m '1; lHNMR (CDC13): 4.91 (m, 1H, Cp proton),
4.51 (m, H, Cp proton), 4.22 (m, 1H, Cp proton), 3.00 (AABB' pattern, bridge
1

protons), 1.22 (m, alkyl chain protons), 0.84 (m, alkyl chain protons); 13C NMR(CDCI3):
205.5, 205.2, 109.5, 105.8, 74.9, 73.8, 72.9, 70.3, 45.6, 45.0, 37.7, 37.2, 33.4, 33.2,
28.8, 28.0, 26.8, 26.6, 23.2, 21.0.
2.5.5. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)-l,r-ferrocenediyl]-l,4butanediol, 5
l,4-[3,3'-bis(l,l-dimethylpentyl)-l,l'-ferrocenediyl]-butane-l,4-dione, 4, (0.30 g,
0.65 mmol) was dissolved in dry THF (50 mL). This was stirred and LiAlH (0.03 g,
4

0 . 6 8

mmol) was added very slowly. This was allowed to stir for 3 hours, the color

changing from deep maroon to light yellow. Excess ethyl acetate was added to
decompose remaining LiAlH and then the reaction mixture was poured into water (100
4

mL). The layers were separated and the aqueous layer extracted several times with ethyl
acetate. The organic portions were combined, dried with M gS0 and the solvent
4

removed to give a nearly quantitative yield of the 1,4-diol, 5, as a yellow oil. This was
used without further purification in the next step.
Exact mass: calcd: 468.2691, found: 468.2696; IR (thin film): 3414, 3089, 2958, 1713,
1466, 1221, 1091, 917, 840 cm"1;

NMR (CDC13): 4.74 (m, Cp protons), 4.66 (m, Cp
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protons), 4.42 (m, Cp protons), 3.87 (m, Cp protons), 3.33 (m), 1.18 (m, alkyl chain
protons), 0.80 (m, alkyl chain protons); 13C NMR (CDC13): 103.4, 102.9, 100.0, 99.7,
99.2, 91.5, 90.3, 88.4, 88.0, 87.2, 70.4,

6

8

. , 68.0, 67.0,
6

6

6

. , 65.7, 65.3, 64.2, 63.9,
6

63.4, 44.8, 32.5, 28.5, 27.7, 26.4, 22.8, 13.9.
2.5.6. Synthesis of l,4-[3,3'-bis(l,l-dimethylpentyl)-l,r-ferrocenediyI]-l,3butadiene,
6

l,4-[3,3'-bis(l,l-dimethylpentyl)-l,r-ferrocenediyl]-butane-l,4-diol, 5, (0.30 g,
0.64 mmol) was dissolved in hot benzene (300 mL). To this was added 30 mole % of
camphorsulfonic acid (0.04 g, 0.19 mmol) dissolved in hot benzene (100 mL). The
solution was refluxed for 18 hours. The color went from bright yellow to red-orange.
After workup with saturated aqueous sodium bicarbonate, drying with MgS0 and
4

solvent removal, purification on silica with hexanes gave 0.06g (

2

2

% yield) of diene

6

as

a brick red oil. GC/MS: M+ = 432; exact mass: calcd: 432.2479; found: 432.2462. IR
(thin film): 3091, 2958, 1736, 1617, 1466, 1381, 731 cm"1; ‘H NMR (CDCI3): 6.25 (m,
2H, vinylic protons), 5.45 (m, 2H, vinylic protons), 4.91 (m, 1H, Cp proton), 3.92 (m,
1

H, Cp proton), 3.65 (m, 1H, Cp proton), 1.40 (m, alkyl chain protons), 1.23 (m, alkyl

chain protons), 0.86 (m, alkyl chain protons); 13C NMR (CDC13): 130.3, 126.5, 103.4,
76.2, 69.8, 68.0, 45.3, 63.4, 33.5, 29.7, 29.0, 28.7, 27.0, 14.1.
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Chapter 3
Photoredox Reactions of Oxomolybdenum(V) with Phosphines
3.1. Introduction
Complexes that contain a transition metal with a multiply bonded main-group
element have been the subject of intense study

.3 1

The importance of such complexes is

reflected in the large array of such reagents in organic chemistry: oxo derivatives of
chromium(VI), KMn04, 0 s 0 4) Ru0 and others are used to transfer an oxygen atom to
4

an organic substrate

.3 2

Metal-oxo complexes are also useful as models for biologically

important enzymes, such as DMSO reductase
atom to or from a substrate

, 3 -3

that catalyze the transfer of an oxygen

. 3 - 4 ,3 -5

While the thermal reactions of transition metal complexes with a multiply bonded
main-group element have been studied extensively, their photochemistry has received
less attention. Photophysical studies have centered on nitrido and trans-dioxo complexes
with the d electronic configuration.
2

Sullivan and co-workers have explored the photochemistry and photophysics of
the rhenium(V)-nitrido cation [N=Re(R PCH CH PR ) Cl]+ (R = Me, Et, Ph,
2

cyclohexyl

) . 3 6 ,3 - 7

2

2

2

2

These complexes exhibit phosphorescence in solution with lifetimes of

0.3-2 ps. A general increase in the nucleophilicity o f the nitrogen atom was observed
upon excitation, evidence for this being the protonation of the excited state at the nitrido
nitrogen when R = Et. Such a characteristic could be useful in the reaction of the excited
state complex with an organic or inorganic molecule. Che and coworkers have explored

30
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the photophysical properties of the osmium(VI)-nitrido cations [OsNLjCl]2* (L = 2,3diamino-2,3-dimethylbutane) and [OsN(NH

3 ) 4 ] 3 + . 3 , J 9

The electronic structure o f metal-oxo complexes was first discussed in the 1960s
based upon the absorption spectrum o f the “molybdenyl” ion (Mov0

3 + ) . 3 1 0 ,3 1 1

More

recently, Gray and co-workers have investigated the excited state properties of transRe0 (py)4+ in acetonitrile. With emission at 640 nm and a lifetime o f 10 ps, the excited
2

state ofR e02+was found to reduce efficiently methylviologen and other acceptors. The
Revl0 22+ species, which was first generated in situ photochemically and then later
electrochemically, was shown to oxidize organic substrates such as silanes and secondary
alcohols under conditions of bulk electrolysis

An analogous dioxorhenium(VI)

.3 1 2 ,3 1 3

complex has been isolated and its properties studied

.3 1 4

Che and co-workers have

studied the osmium(VI)-oxo complexes rr<ms-[ s(L)( ) ][C
0

0

2

1 0 4 ] 2

(where L is a

tetradentate cyclam-type ligand) and /raw -[ s(CN) ( ) J[AsPh4]2. These complexes
5

0

4

0

2

exhibit solution phosphorescence, and when irradiated with oxygen atom accepting
substrates (such as trialkylphosphines, dialkylsulfides and alkenes), produce the
corresponding oxygenated products (Table 3.1

) . 3 1 5 ,3 1 6

Work in our group has focused on photoredox reactions of molybdenum. Early
work dealt with the two-electron photooxidation of Mo(NCS)63" to a molybdenum(V)oxo dimer, (SCN) MoO(p-0) MoO(NCS
3

2

) 3 4 - .3 1 7

More recently we have shown that one

of the simplest molybdenum(V) oxo complexes, MoOC1 (NCCH3)~, shows d-d
4

fluorescence, ^ ( d ^ d y j - ^ ^ d ^ ) , in acetonitrile solution with a lifetime of

1 0 0

ns.31*
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This is sufficient for reaction with one-electron oxidants and reductants. In the present
work we have explored the photochemistry of this molybdenum(V) system with the
Table 3.1. Substrate, oxygen-containing product and yield from photochemical oxygen
atom transfer reaction with /ra/ty-[ sVI(CN) ( ) j 2_.
0

4

0

2

substrate

product (% yield)

(PhCH^S

(PhCH^SO (30)

(62)
( 12)
series of phosphines PEt3, PEtjPh, PEtPh and PPh as oxygen atom acceptors with the
2

3

goal of attaining photochemical oxygen atom transfer. PEtj, PEtjPh and PEtPh are
2

oxidized to the corresponding phosphine oxide, with PEt reacting spontaneously and
3

PEt2Ph and PEtPh requiring irradiation. Molybdenum-containing reduction products
2

were isolated in the reactions with PEt and PEtjPh. The only photochemical activity
3

observed with PPh appears to be ligand substitution. Dark reactions with PE^Ph,
3

PEtPhj, and PPh show only slight spectral change over several days time, supporting the
3

photochemical nature of these reactions. Products from these dark reactions are
formulated as the substituted complexes MoOC1 (PR3)~. Selective irradiation of the
4

longer-wavelength absorption bands of molybdenum(V) using Coming colored glass
filters leads to similar photoredox reactions, but much more slowly.
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3.2. Experimental
All reactions and manipulations were performed using standard dry-box
techniques. Anhydrous solvents were obtained from Aldrich Chemical Co. PEt3, PEtjPh,
and PEtPh were obtained from Organometallics, Inc. The phosphines were free of
2

phosphine oxides, as determined by GC/MS and 31P NMR.
A Perkin-Elmer 1760X spectrometer was used to record FT-IR spectra; samples
were thin films or KC1 pellets. Electronic absorption spectra were recorded on an Aviv
14DS spectrophotometer. Fluorescence measurements utilized a Spex Fluorolog 2
Model FI 12X instrument, with Hamamatsu R406 (S-l) PMT. 3lP NMR spectra were
recorded on Bruker 250- and 300 MHz spectrometers operating at 101.2 MHz or 121.4
MHz respectively, and 31P chemical shifts are reported in ppm referenced to 85% H P 0 4.
3

(PPh )[MoOCl (H 0)] was prepared according to the literature procedure
4

4

2

3.2.1. Thermal reaction ofMoOCl (H 0 )- with PEt
4

2

. 3 1 9

3

A green solution of (PPh )[MoOCl (H 0)] (0.31 g; 0.51 mmol) was prepared in
4

4

2

25 mL of CH CI2. To this was then added 1.2 or 4 equiv PEt3, causing an immediate
2

color change to maroon. The mixture was stirred for 1 h and then flooded with pentane.
The resulting yellow suspension was left to stand overnight, and the greenish-yellow
solid collected. The filtrate was evaporated to give a maroon oil, whose analysis is
described in Results.
The same reaction was repeated with CH3CN as solvent, using a smaller amount
of (PPh )[MoOCl (H 0)] (0.098 g, 0.16 mmol). Immediately after the addition of PEt
4

4

2

3

the reaction mixture was maroon in color (with UV/vis spectral changes similar to those
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observed in CHjClj), but it changed within ca. 15 min to yellow-orange. Removal of
solvent left a dark orange semi-solid material. The 31P NMR spectrum of this material
showed numerous peaks, but two broad singlets (integration ratio 1:1.4) were
attributable to OPEt (52.0 ppm) and PEt (—13.9 ppm), both likely coordinated to Mo.
3

3

3.2.2. Structure Determination of (PPh ) [MoOCl ]-2CH Cl
4

2

5

2

2

The greenish-yellow solid isolated from the MoOCl (H 0)7PEt reaction (see
4

2

3

above) contained crystals suitable for X-ray analysis (see below). This compound is
stable for extended periods in inert atmosphere, but in moist air, it shows green surface
discoloration over a period of several weeks. UV-vis spectra for the pure solid are all
characteristic of molybdenum(V) but clearly distinguishable from those for
(PPh )[MoOCl (H 0)]. Anal. Calcd for C ^ ^ C l^ fo O P ^ C, 52.78; H, 3.90; Cl, 28.04.
4

4

2

Found: C, 54.05; H, 4.60; Cl, 27.91. (Better agreement is obtained for a formula
reflecting partial loss of CH C12. Calcd for (PPh ) [MoOCl ]*1.8CH Cl2: C, 53.36; H,
2

4

2

5

2

3.92; Cl, 27.20.)
3.2.3. Irradiation o f Mo(V)-phosphine mixtures
Most irradiations were performed in Pyrex vessels with 3.2 mM solutions
prepared from (PPh )[MoOCl (H 0)] in acetonitrile. The desired phosphine (4 equiv)
4

4

2

was then added all at once. Irradiation was performed using a 150-W xenon arc lamp,
with or without Corning colored-glass long-pass filters. Reaction progress was
monitored by removing aliquots at one day intervals for UV/vis analysis. The reaction
was judged complete when no further change was noted in the UV/vis spectra. The
solvent was then evaporated from the reaction mixture and the resulting residue
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analyzed. Control mixtures were prepared and analyzed identically, with the flasks tightly
wrapped in aluminum foil to eliminate light.
3.2.4. X-ray analyses
Diffraction data (see summary in Table 3.2) were collected on an Enraf-Nonius
CAD4 diffractometer fitted with MoKa source and graphite monochromator, using the
0-20 scan method. Final unit cell constants were determined from the orientations of
twenty-five centered high-angle reflections. The intensities were corrected for absorption
using 4r scan data for five reflections. The MolEN3-20 set o f programs was used for

structure solution and refinement.
3.3. Results
3.3.1. Thermal reaction o f MoOCI (H 0)~ with PEt
4

2

3

Addition of 1.2 equivalents ofPEtj to MoOC1 (H 0)~ dissolved in CH C1
4

2

2

2

produced an immediate change in color from green to maroon. Treatment of the reaction
mixture with pentane produced three different substances: a greenish-yellow crystalline
material, an orange crystalline material, and a pentane/CH Cl2-soIuble maroon oil.
2

X-ray quality crystals of the greenish-yellow material were obtained directly by
the

above procedure, in the form of plates. An ORTEP3-21 drawing o f the MoOCls2' ion in

(PPh ) [MovOCl ]-2CH Cl appears in Figure 3.1. Crystal data is summarized in Table
4

2

5

2

2

3.2, distances in the anion are summarized in Table 3.3 and positional parameters are in
Table 3.4. The unit-cell parameters closely match those of a number of isostructural
compounds (located by means of the Cambridge Crystallographic Database3-22) with the
general formula (PPh ) [MXnCl(HJ-2CH Cl2.3-23'3-2SThe anionic metal complex in all of
4

2

2
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these structures lies on a center of symmetry. Thus, if the anion is MC162' (i.e. n = 0) or
trans-M 0 CI42~ (n = 2), the structure can be fully ordered. However, in the present case,
2

these models (MoC162_ and trans-Mo02C\*~, molybdenum(IV) and molybdenum(VI)
respectively) were both unsatisfactory.
When a Mo(IV) model (MoC162-) was refined using our data, one of the three
crystallographically independent Mo-Cl distances was unexpectedly short (Mo-CI3 2.23

A, vs. 2.38 A for the other two), and the B ^ value for C13 was somewhat larger than
those of Cll and C12. The R^, value for this model was also high (0.067). If the anion was
refined as Mo(VI) (/r<ms--Mo0 Cl42~), on the other hand, the
2

refined to a value near zero, the

value of the O atom

value was worse at 0.099, and two peaks of density 2

e A-3 were present in the resulting difference map 0.4 A from the O position.
Refinement of a Mo(V) model (that is, MoOC152_, n = 1, with the C13 position
half-occupied by Cl and half by O) yielded more satisfactory results. In this case, 5 ^
values for the substituents on Mo are more nearly equal, R^ = 0.057, and the ligand
electron density is better modeled: the largest residual density, 1.39 e A-3, is now 0.5 A
from the Mo position. This peak, the size of the Mo ellipsoid, and the orientation of its
long axis nearly along the Mo-C103 vector are evidence that the Mo atom in a single
molecule is displaced slightly out of the equatorial CI plane, and actually occupies two
4

different but unresolved positions as a result of the disorder. (Since this displacement is
likely to occur in the direction of the O atom, it will tend to minimize the difference
between M o=0 and Mo-Cl distances that has been noted in previous studies of
MoO/MoCl disorder.3-26,3-27) Furthermore, the fart that the B ^ value for the overlapped
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Table 3.2. Crystal data for (PPh ) [MoOCl ]-2CH Cl and M oC ^O P E tjPh^E tjPh).
4

2

5

2

2

formula

C H JCI M O P

C H CI MoOP

fw

732.9

1137.9

space group

P2x/c

P\

Z

4

A/A

0.71073 (Mo Ko)

0.71073

a/A

16.225(2)

10.131(2)

b/A

11.8374(11)

11.182(2)

c/A

18.288(2)

12.407(2)

3 0

4

3

0

a/°

2

3

50

4 4

9

2

1

70.52(1)

p/°

92.292(6)

Y/°

79.49(1)
80.93(1)

v/A3

3510(1)

1295.8(6)

P/g cm

1.387

1.458

p/cm

7.54

8 . 1 1

rel trans coefif

0.7767-0.9992

0.902-1.000

obsd datab

3259

3650

R(F)C(obsd data)

0.075

0.077

' 3

" 1

0.057
0.047
R JF ?
‘Estimated standard deviations in the least significant digits of the values are given in
parentheses. bl> la(l). 7? = 2 | |F0| - |FC| | / 2 | F 0|.
- |FCI f /S w F ^ ; w
= 4Fo / ( a 2(/) + (0.02Fo2)2).
2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38

Table 3.3. Selected interatomic distances for (PPh ) [MoOCls]- CH Cl and
MoCl (OPEt Ph) (PEt Ph).
4

3

2

2

2

2

2

2

2

(a) MoCIjCOPE^Ph^CPEtjPh)
M o-Cll

2.417(2)

M o-Pl

2.532(2)

Mo-C12

2.424(2)

M o-Ol

2.182(4)

Mo-C13

2.430(2)

M o-02

2.106(4)

Mo-C12

2.362(2)

(b) (Ph P) MoOCls' CH Cl
4

2

2

2

M o-Cll

2.387(1)

Mo-Cl/03

2.230(2)

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39

Table 3.4. Positional parameters and their estimated standard deviations for the anion in
(PPh ) [MoOCl ]-2CH Cl2.
4

2

5

Atom
Mo

2

X
0

y
0

z
0

B (A2)
6.53(2)

Cll

-0.1591(2)

0.1352(1)

-0.1197(1)

6.55(4)

C12

-0.0696(2)

0.1059(1)

0.1400(1)

6.56(4)

C103

0.1527(2)

0.1391(2)

-0.0804(2)

4.32(5)

ciis

0.1994(2)

0.5201(2)

0.9862(1)

8.33(5)

C12S

0.0496(2)

0.4787(2)

1.2131(2)

9.95(7)
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c u

CI2

C13
Figure 3.1. ORTEP drawing of the anion in (Ph P) [MoOCl ]-2CH Cl
4

2

5

2

2
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C130 atom, 4.32(5) A2, is somewhat smaller than those for Cll and C12 (6.55(4) and
5.56(4) A2, respectively) is evidence that the disorder is probably more complex than our
model describes, with the O atom distributed into the Cll and C12 sites with some
smaller populations. Attempted refinement o f more complex disorder models led to no
significant improvement in the fit to the data.
Our characterization of this compound as containing Mo(V) is further supported
by the similarity of its electronic (see below

spectrum to those for other Mo(V)

) 3 ' 1 * ’3 '2 * ' 3 '3 1

compounds. The IR spectrum of the solid shows a band at 946 cm'1, providing additional
support for the presence of the Mo-oxo unit (compare 985 and 950 cm for the
' 1

bipyridinium and triphenylphosphonium salts o f MoOC152' respectively

, 3 '3 0 ' 3 '3 2

and 980

cm for (Ph As)[MoOCl (H 0)]3'33). Therefore, the best description for the greenish' 1

4

4

2

yellow crystalline plates is (PPh )j[MovOCl ]* CH Cl2.
4

5

2

2

There are few well-documented examples of MoOXs2' salts in the literature. The
species that forms when molybdenum(V) dissolves in concentrated HX(aq) is often
referred to as MoOXs2', but Boorman and co-workers

3 -3 1

have shown that the principal

constituent o f these solutions is MoOX (H 0)~. To illustrate the difference between the
4

2

two anions, we prepared a solution of (PPh ) [MoOCl ]-2CH Cl in CHjCl* and it
4

2

5

2

2

showed electronic absorption bands at 697 and 440 nm. However, when this solution
was shaken with conc. HCI(aq), its color changed immediately from deep yellow to
green, and the absorption bands shifted to 715 and 441 nm. The latter values are very
similar to those for solutions of (PPh )[MoOCl (H 0)] in CH C1 (716 and 447 nm). The
4

4

2

2

2

best previous evidence for the MoOXs2~ anion includes a crystal-structure studies of
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K MoOX (X = F, Cl) and the published syntheses o f various salts o f MoOCls2- (see
2

5

above

) . 3 3 4 ,3 '3 5

In addition to the two species already mentioned (MoOCl}2- and
MoOC1 (H 0)~), the five-coordinate complex MoOCl4~ may also be important in the
4

2

chemistry of Mo(V) in noncoordinating solvents. (The equilibrium MoOCl52MoOCl4~ + Cl~ was originally studied by Boorman et a l331) For example, the CH C1
2

2

solution prepared from (PPh ) [MoOCl ]*2CH Cl is spectroscopically similar to a
4

2

5

2

2

solution of(PPh )[MoOCl4] (prepared by heating (PPhJfM oO C ^^O )] under vacuum
4

at ca. 80 °C for 30 h) in CH C1 (Xmax 691, 442 nm). Addition of(PPh4)Cl (to surpress
2

2

dissociation of MoOCIs2-) or SOCl (to react with traces of H20 and therefore convert
2

any MoOCl (H 0)~ present back to MoOC1 ~/MoOC152~) to these Mo(V)/CH C1
4

2

4

2

2

solutions caused blue shifts in the absorption band near 700 nm and substantial
weakening in the band near 440 nm. For example, a solution of
(PPh ) [MoOCl ]*2CH Cl in CHjCl* treated with added SOCl (ca. 5% v/v) and
4

2

5

(PPhJCl

2

2

2

equiv, excess) has a much weaker yellow color; the absorption bands in the

( 2

visible region are shifted to

6 8 6

nm and 447 nm, the latter band being much less intense

than in the initially prepared solution. Although CH C1 solutions prepared from
2

2

(PPh ) [MoOCl ]-2CH Cl are clearly different from those of other well-recognized
4

2

5

2

2

oxomolybdenum(V) species, these solutions may contain MoOCl4“and small amounts of
MoOCI (H 0 )“ in addition to MoOCls2~.
4

2

The orange product of the Mo(V)/PEt reaction crystallized as needles along
3

with the yellow-green plates of (PPh ) [MoOCls]-2CH Cl2. X-ray analysis of one of the
4

2

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

43
orange needles identified it as the molybdenum(III) salt (PPh )[MoCl (PEt ) ]. The
4

4

3

2

production o f this molybdenum(III) compound illustrates that reduction o f
MoOCI (H 0 )“ by PEt has occurred. (PPh )[MoCl (PEt )J, and analogs with PEtjPh
4

2

3

4

4

3

and PEtPh2, have been made and studied in solution by *HNMR by Poli and coworkers

and the crystal structures o f these derivatives have recently been reported by

, 3 3 6

Cotton and Vidyasagar

. 3 3 7

The unit-cell parameters and atomic coordinates we obtained

for (PPh )[MoCl (PEt ) ] are essentially identical to those of Cotton and Vidyasagar.
4

4

3

2

The maroon oil is a mixture containing numerous components. The 31P NMR
spectrum o f this material was recorded immediately after isolation to minimize
decomposition. It showed singlets attributable to OPEt3)3J*PPh4+ and PEtj, the latter
probably complexed to a paramagnetic metal center (see Table 3.5). Also present are a
doublet at 9.3 ppm (V(P,P) =18 Hz) and a triplet at 17.2 ppm (V(P,P) = 1 9 Hz), which
integrate in a ratio of 1:2, and a much weaker doublet at 10.4 ppm and triplet at 38.8
ppm (V =

2

0

Hz). Our work with the preparation and 31P NMR characterization o f the

molybdenum(TV) oxo complex MoOCl (PEt Ph
2

2

) 3 3 2 6 , 3 '2 7 ’3 3 9

assisted in the assignment of

these signals. For example, the 31P NMR spectrum of M oO Cl^EtjPh^ shows a triplet
at 17.7 ppm (V(P,P) = 19 Hz) and a doublet at 11.8 ppm (V(P,P) = 19 Hz) which
integrate in a ratio of 1:2. This leads us to assign the 9.3 and 17.7 ppm resonances in our
maroon oil to cw-mer-MoOCl (PEt3)3. (Under these conditions, the maroon oil portion
2

of the products contained OPEt3, PEt3, and c«-wer-MoOCl (PEt
2

3 ) 3

in the approximate

ratio 1:0.22:0.13, as judged by 31P NMR.) A similar species may be responsible for the
weak doublet and triplet at 10.4 and 38.8 ppm (integration ratio ca. 2.7:1) of lesser
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intensity in the maroon oil, but we were unable to isolate it. An IR absorption at 963
cm for the maroon oil, which we assign to v***,, also supports the presence of cis-mer' 1

MoOCl (PEt3)3. (This band is found at 960 cm in MoOCl (PMej)3.3-40)
2

' 1

2

Table 3.5.31P NMR data for Reactions o f MoOCI (NCCH3) ' with P E tj^ h , (n = 0-3).1’b
4

phosphine

pr

opr

3

3

PPh4+

others

51.2(s), 35.8(s)

Irradiations
PEt2Ph

-14.8

40.9

22.4

PEtPh

-

30.8

24.3

PPh

-4.4

2

3

1 0 . 8

24.5

Dark Reactions
PEt

-19.1

49.1

2

PEt2Ph

-11.7

43.0

24.3

PEtPh

-11.5

3

2

2

9.4(d), 17.2(t), 38.9(t), 10.5(d)

. 2

20.2(t), 15.0(d)

24.5

-4.4
24.4
PPh
aAll resonances are in ppm as referenced to 85% H P 04bSee text for details of
assignment.
Reaction of MoOC1 (H 0)“ with four equivalents of PEt in CH Cl produced
3

3

4

2

3

2

similar results. 31P NMR revealed no evidence for cw-mer-MoOCl (PEt
2

2

3) 3

in this

reaction. The major peaks are attributable to OPEt (51.2 ppm) and PEt (-14.3 ppm),
3

3

both likely broadened due to coordination to molybdenum.
As shown by the presence of triethylphosphine oxide and c«-/wer-MoOCl (PEt
2

3 ) 3

in the maroon oil, and the orange molybdenum(III) product [MoCI (PEt3)2]~,
4

molybdenum(V) clearly exhibits redox activity with PEt3, including oxygen atom transfer
reactions. Since there is rapid redox activity, even without irradiation, we did not study
the effects of light on this system.
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3.3.2. Irradiation ofMo(V) with PEtjPh, PEtPhj, and PPh

3

In the following paragraphs, the starting material is referred to as Mo(V) for
simplicity. However, the actual species irradiated in each case is most likely
MoOCl (phosphine)~. The Mo(V) source, MoOC^fHjO)', is ordinarily converted to
4

MoOC1 (NCCH3)_ in acetonitrile solution,31*’3'2* but further electronic spectral shifts (in
4

both absorption and fluorescence; see below) on addition of phosphine are as expected
for simple trans ligand substitution.
3.2.2.1. PEt2Ph
On addition o f PEtjPh (4 equiv) to the molybdenum(V)-oxo complex in
acetonitrile, the solution changed from green to brown-green. The absorption maxima
for the brown-green solution are at 674 and 446 nm. (We were unable to detect any
fluorescence from these Mo(V)-PEt Ph solutions.) During three days of irradiation, the
2

color changed gradually to deep red-brown; see spectra in Figure 3.2. After irradiation,
one maximum is present at 405 nm with a shoulder at 475 nm. GC/MS analysis of the
reaction mixture (after as little as one day o f irradiation) showed that both PEtjPh (m/e =
166) and OPE^Ph (m/e = 182) were present. The 31P NMR spectrum of the crude final
reaction mixture showed four signals; see Table 3.4. We believe the resonance at 40.9
ppm is due to complexed OPEtjPh in the Mo(EQ) product cis-merMoC^OPEtjPh^OPEtjPh) (see below); a purified sample o f this compound showed a
broad 31P peak at 41.0 ppm. (A sample of uncomplexed OPEtjPh, prepared separately
from PE^Ph and NaOCl(aq), showed a 3IP NMR resonance at 42.3 ppm.) The 3IP
integration ratio of the PEt2Ph and OPEtjPh resonances was ca. 1:1.6.
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Figure 3.2. Electronic absorption spectra illustrating the photochemical reaction of
Mo(V) with PEtjPh in CH CN. Irradiation times:------------, initialspectrum;--------, one
day;
, two days;
three days.
3
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Removal o f the acetonitrile from the crude reaction mixture gave a brown-red oil.
This was dissolved in dichloromethane and then flooded with pentane. This treatment
produced orange-yellow crystals, which were shown by X-ray analysis to be the unusual
mixed-ligand molybdenum(III) complex cw-iHer-M oC^OPEtjPh^EtjPh) (see ortep
plot in Figure 3.3 and data in Tables 3.2 and 3.3 and 3.6). This compound is similar to
Mo^CPMejPhJ/OPMejPh), which was also produced by reduction o f a higher-valent
molybdenum compound

. 3 -4 1

Thus, irradiation of MoOC1 (NCCH3)- with P E ^ h causes oxidation of PEtjPh
4

and reduction of molybdenum, as judged by the production of OPEtjPh and

MoCljCOPEtjPhjjCPEtjPh).
3.2.2.2. PEtPh

2

Irradiation o f the molybdenum(V) oxo complex with four equivalents of the less
nucleophilic PEtPh produced a change in color similar to that for irradiation with
2

PE^Ph. The initial color of the Mo(V)-PEt Ph mixture was brown-green, with maxima
2

at 445 and 740 nm. (This solution was also fluorescent (A.^ ca. 940 nm), with a
spectrum similar to that of MoOCI (NCCH3)- but less intense.) During three days of
4

irradiation, the solution turned deep red-brown, with final absorption maxima at 403 and
503 nm (see spectra in Figure 3.4). An isosbestic point was observed at 706 nm during
the first two days o f irradiation. Evaporation of solvent from the irradiated solution left a
brown-red oil, with major 3lP resonances at 33.6 ppm (br s, OPEtPh* possibly
broadened by coordination to a paramagnetic Mo center), 24.3 ppm (br s, PPh4+), and
-10.8 ppm (br s, PEtPh^. (Uncomplexed OPEtPh^ prepared using NaOCl(aq) as above,
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gave ( IP) 33.3.) GC/MS analysis of the reaction mixture also showed that both PEtPh
6

3

2

(m/e = 214) and OPEtPh (m/e = 230) were present; the integration ratio from 3IP NMR
2

was . : .
2

1

1

Treatment of the brown-red oil with benzene produced a dark red benzene
solution and a brown benzene-insoluble oily residue.
The dark red benzene solution was evaporated to dryness. The electronic
spectrum of the resulting dark red residue in acetonitrile ( X ^ = 478 nm with a shoulder
at ca. 700 nm) is similar to that of/ac-MoOCl (dppe) in acetonitrile (X„„ = 496 nm
3

) . 3 4 2

The IR spectrum of the dark red material shows v , ^ 949 cm-1, which is only slightly
different from the value forfac-MoOCl (dppe) (944 cm
3

" 1 ) . 3 ’4 2

Its 31P NMR spectrum in

CD3CN shows three broad singlets at 30.8 (OPEtPhj), 18.3 and -11.0 ppm (PEtPh^.
Based on this evidence, the dark red product could be a neutral Mo(V) complex such as
MoOCl (PEtPh
3

2 ) 2

or MoOCl P(OPEtPh ). (We have been unable to assign the 18.3 ppm
3

2

31P resonance.)
The benzene-insoluble brown oil dissolved in CH3CN to produce a solution with
absorption maxima at 477 nm and 731 nm. (TR, two possible
31P NMR,

6

at 969 and 995 cm"1;

23.6 (s, PPh4+) and -11.7 (br s)). There is no obvious reduced molybdenum

complex, but the broad singlet at -11.7 ppm could arise from either a molybdenum(III)
species such as /n^r-MoCl (PEtPh
3

2 ) 3

or a molybdenum(V) complex.

Thus, irradiation of the Mo(V) complex with PEtPhj leads to ligand substitution.
Also, photooxidation of PEtPh to OPEtPh occurs, but we have not identified the
2

2

corresponding reduced molybdenum complex.
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Table 3.6. Positional parameters and their estimated standard deviations for
MoCljCOPEtjPh^CPEtjPh).
Atom

X

y

z

B (A2)

Mo

0.23821(4)

0.12045(5)

0.21634(3)

3.23(1)

Cll

0.3660(1)

0.2216(2)

0.2397(1)

5.16(5)

C12

0.1944(1)

0.1575(2)

0.33922(9)

4.91(4)

C13

0.1132(1)

0.0131(2)

0.1884(1)

4.86(5)

PI

0.3046(1)

-0.0587(2)

0.26617(9)

3.54(4)

P2

0.1209(2)

0.3584(2)

0.1990(1)

6.15(6)

P3

0.2757(1)

0.1380(2)

0.03720(9)

3.79(4)

0

1

0.1773(3)

0.2700(4)

0.1700(2)

4.0(1)

0

2

0.2796(3)

0.0853(3)

0

Cl

0.3292(4)

C2

( )

3.5(1)

-0.1645(5)

0.1984(3)

3.7(2)

0.2684(4)

-0.1989(6)

0.1486(4)

5.1(2)

C3

0.2832(6)

-0.2798(7)

0.0972(4)

7.1(2)

C4

0.3610(6)

-0.3253(7)

0.0942(5)

8.7(3)

C5

0.4218(5)

-0.2903(7)

0.1405(5)

8.1(3)

C

0.4063(5)

-0.2096(7)

0.1937(4)

6

C7

0.2344(4)

-0.1336(6)

0.3250(4)

5.5(2)

C

0.2681(5)

-0.2351(7)

0.3648(5)

7.4(2)

C9

0.3988(4)

-0.0442(6)

0.3226(4)

5.2(2)

CIO

0.3887(5)

0.0195(7)

0.3928(4)

7.0(2)

C ll

0.0940(4)

0.4608(6)

0.1294(4)

5.0(2)

C12

0.1244(4)

0.4571(6)

0.0615(4)

4.9(2)

C13

0.1078(5)

0.5412(7)

0.0110(4)

6

C14

0.0616(5)

0.6306(7)

0.0294(4)

6.7(2)

6

8

.

1 1 1 1

2

. ( )
1

2

. ( )
1

2

table con’d

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51
C15

0.0280(6)

0.6351(7)

0.0952(4)

9.1(3)

C16

0.0436(6)

0.5504(7)

0.1455(4)

8.7(3)

C17

0.0270(5)

0.2998(8)

0.2312(5)

11.8(3)

C18

-0.0261(6)

0.249(1)

0.1706(6)

14.5(4)

C19

0.1681(9)

0.4357(7)

0.2710(5)

14.7(4)

C20

0.2371(9)

0.5017(9)

0.2481(6)

19.7(5)

C21

0.3411(4)

0.0619(6)

-0.0216(3)

3.7(2)

C22

0.3761(4)

-0.0383(6)

0.0032(4)

4.6(2)

C23

0.4272(4)

-0.0958(6)

-0.0425(4)

5.5(2)

C24

0.4460(4)

-0.0570(7)

-0.1089(4)

5.7(2)

C25

0.4110(5)

0.0426(7)

-0.1339(4)

5.8(2)

C26

0.3589(4)

0.1008(6)

-0.0899(4)

5.2(2)

C27

0.1730(4)

0.1339(7)

-0.0033(4)

5.1(2)

C28

0.1397(5)

0.0161(8)

-0.0162(4)

7.4(2)

C29

0.3089(4)

0.2835(6)

0.0379(4)

4.8(2)

C30

0.4001(5)

0.3004(7)

0.0527(4)

6.5(2)
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Figure 3.4. Electronic absorption spectra illustrating the photochemical reaction of
Mo(V) with PEtPh in CH CN. Irradiation times:------------, initialspectrum;------- •, one
day;
, two days;
three days. Inset shows isosbestic point at 706 nm.
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3.2.2.3. PPh

3

Irradiation of the molybdenum(V) oxo complex with PPh produced a change in
3

color similar to that noted in the irradiations with PEtjPh and PEtPh2. The color was
initially green-brown, with fluorescence X ^ 960 nm, also slightly blue-shifted relative to
MoOC1 (NCCH3)_. After three days it had turned deep red-brown; see spectra in Figure
4

3.5. (Approximately isosbestic behavior was once again noted during the first two days
of irradiation, with the isosbestic point at 695 nm.) 3IP NMR after irradiation: 24.5 ppm
(s, PPh4+) and -4.4 ppm (s, coordinated PPh3).
The crude reaction mixture was washed several times with benzene to remove
excess triphenylphosphine. A red-brown solid residue remained, which showed an
absorption maximum o f472 nm in CH CN. An IR of this brown solid has an absorbance
3

at 972 cm-1. All of this evidence points to a simple ligand substitution process with
products similar to MoOCl (dppe)
3

= 496 nm in acetonitrile, v , ^ at 944 cm-1). No

redox products (OPPh or isolable reduced molybdenum products) were observed on
3

irradiation o f MoOC1 (NCCH3)~ with PPh3.
4

3.4. Dark Reactions of Mo(V) with PEtjPh, PEtPhj, and PPh

3

To confirm that the reactions discussed above were indeed photochemical,
identical solutions were placed in the dark for three to four days and their UV/Vis
spectra monitored. Generally only minor changes occurred, as follows:
3.4.1. PE^Ph
Initial absorption maxima were at 446 and 674 nm; after four days they had
moved to 441 and 640 nm. 31P NMR analysis of the reaction products showed signals at
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24.3 (PPh4+) and -11.7 ppm (br), and weaker signals at 43.0 (br s), 20.2 (t) and 15.0
ppm (d). The broad signal at -11.7 ppm (compared to free PEtjPh, -14.5 ppm) is likely
due to M oO Cl^EtjPh)-. The small broad singlet at 43.0 ppm is attributable to
OPEtjPh, indicating a small amount o f thermal oxygen atom transfer (integration ratio
OPEtjPhiPEtjPh ca. 1:40) over the course of the dark reaction. (This is similar to the
small amount of OPEtjPh that forms in comparable solutions without Mo; both processes
are likely due to traces of
3.4.2. PEtPh

0

2

entering the flasks.)

2

Initial absorption maxima were at 446 and 743 nm. After three days, essentially
no change had occurred (446 and 740 nm). Removal of solvent left a brown-green solid,
which showed ( P) 22.1 (s, PPh4+) and -14.0 ppm (br, PEtPhj). Dissolution o f this
6

31

solid in a minimum of CHjCl* followed by flooding with pentane, gave a solution which
slowly deposited a small quantity o f orange crystals. These crystals were identified by Xray analysis as the molybdenum(V) dimer (PPh ) [Mo 0 CI ]-CH Cl
4

2

2

4

4

2

2 . 3 -4 3

Thus, although

some ligand substitution occurs in this system, we found no evidence o f redox processes.
3.4.3. PPh

3

A dark experiment with Mo(V) and PPh produced no detectable change: the
3

initial absorption maxima, at 446 and 754 nm, were unchanged after four days. Removal
of solvent from the reaction mixture resulted in a green solid that gave two 31P NMR
signals: one at 24.4 ppm (PPh4+) and one at -4.4 ppm (PPh3).
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Figure 3.5. Electronic absorption spectra illustrating the photochemical reaction of
Mo(V) with PPh in CH CN. Irradiation times:------------, initial spectrum;
, one day;
, two days;
three days. Inset shows isosbestic point at 695 nm.
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Figure 3.6. Pathway for oxygen atom transfer, equatorial chlorides omitted for clarity.
3.5. Discussion
We have attempted to exploit the attractive photophysical properties of
MoOCl (NCCH3)“ for use in photochemical oxygen atom transfer. Successful
4

photoreduction of a molybdenum(V)-oxo complex to molybdenum(III), combined with
the known two-electron photooxidation of moIybdenum(III

) , 3 1 7

would constitute a

Mo(IU)-Mo(V) cycle that might be useful in photochemical two-electron
transformations of substrate molecules.
We began our studies with triethylphosphine because, as the best electron donor
in the P E t^ P ^ series, we expected it to be the most reactive. (For example, in studies of
the kinetics of the reduction of Mo

0

2

(S CNEt
2

2 ) 2

by this series o f phosphines, PEt was
3

shown to give the highest thermal oxygen atom transfer rate constant 44) Treatment of
. 3

MoOC1 (H 0 )_ with PEt in CH Cl produces an immediate change in color from green
4

2

3

2

2

to maroon. When the reaction is performed in CH CN, the color starts out as green,
3

changes to maroon on the addition of phosphine, and then turns to yellow-orange. In
either solvent, numerous products form: MovOCls2", M o ^ l ^ E t j V , and OPEt have
3

been clearly identified, and two additional products appear to be Mo^OCIjCPEtj^ and
MoIYCl (PEt
4

3 ) 2

(identified by 3IP NMR and UV/vis spectroscopy respectively).
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MoOC (NCCH >- + PR
14

3

3

------- ► MovOC (PR )- + CH3CN
14

m

3

/ -c i-

MovOCI (PR
3

3 ) 2

(R PO)MoinCl (PR )~
3

4

MoinCl4(PR3)2"

3

MoIIICl3(PR3)(OPR3)2

MovOC1 (PR3)4

MoivC1 (PR
4

3 ) 2

+ Mo^OC^CPRg)2-

MoivOCI (PR
Figure 3.7. Proposed routes for formation of other molybdenum complexes.
2

3 ) 3

A simple sequence of reactions for the conversion of MoOC1 (H 0)~ and PEt to
4

2

3

MomCl (PEt ) " and OPEt is illustrated in Figure 3.6.
4

3

2

3

Several pieces of evidence argue in favor of the initial step, rapid substitution of
phosphine trans to the oxo group: rapid aquation of MoOClj2- (as discussed above) and
solvation of MoOC1 (H 0)~ in CH CN,31*’3'2* and the initial spectral changes (see below)
4

2

3

observed on mixing PEtjPh, PEtPh* or PPh with Mo(V).
3

In the next step in the scheme, we propose that a molecule of PR reacts with the
3

oxo group o f the molybdenum(V)-oxo complex, producing coordinated phosphine oxide
and reducing the Mo center to the trivalent state. Then, substitution by an additional
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molecule o f phosphine would release the phosphine oxide and give MomCl (PR3)2~ as the
4

product.
Figure 3.7 suggests routes for the formation o f the other Mo(V) and Mo(IV)
products observed in this reaction. Comproportionation of a molecule of
MovOCl (PEt3)" with MomCl (PEt3)2" would produce two molybdenum(IV) complexes:
4

4

MoOCl (PEt3)2_ and MoCl (PEt3)2. Ligand substitution of two molecules of PEt with
4

4

3

MoOCl (PEt3)2" would produce MoOCl (PEt )3. The chloride ions released in this
4

2

3

substitution would be free to react with MoOCI (PEt3)~ to produce MoOCl52".
4

The visually most striking feature of the MoOCl (H 0)"/PEt reaction is the deep
4

2

3

maroon color produced almost immediately on mixing the reactants. This color is
attributable to the 546-nm absorption band shown in the spectra in Figure 3.8. We were
unable to isolate the maroon material by evaporation o f the solvent from the pentane
solution: this procedure left a brown residue that gave a brown solution in CH C12. The
2

maroon color is unlikely to be due to c/s-wer-MoOCl (PR3)3, since these are reported to
2

be blue. We believe a more likely explanation of the maroon color is the non-oxo
Mo(IV) complex MoCl (PEt3)2. This would be closely related to the Mo(III) anion
4

MoCl (PEt3)2" already observed in this system, and other fra»r-MoCl (PR
4

4

have been reported to be maroon

, 3 - 3 9 ’3 ' 4 5

3) 2

complexes

but no electronic absorption spectral data have

been published.
Thus, PEt reacts with Mo(V) to give the oxygen atom transfer products of
3

Figure 3.6, and other products. The rapid redox activity exhibited with PEt3, even
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without irradiation, led us to explore the use of less basic phosphines as oxygen atom
accepting substrates.
Irradiation of Mo(V) with PEtjPh produces OPEtjPh and the molybdenum(III)
complex MoCl (OPEt Ph) (PEt Ph) as discussed above. The formation of these products
3

2

2

2

can be explained by referring to Figure 3.7. Displacement of one chloride ligand in
MoraCI (OPEt Ph)(PEt Ph)~ by OPEtjPh would give MoC^OPE^h^CPEtjPh), one of
4

2

2

the species we have isolated in crystalline form. (This route would also yield the
geometric isomer of the mixed phosphine-phosphine oxide complex actually observed in
the X-ray structure.)
Irradiation of MoOCl (NCCH3)_ with PEtPh produced a change in color similar
4

2

to that noted with PEtjPh. Spectroscopic evidence shows that OPEtPh is produced, but
2

the nature of the reduced molybdenum product(s) is unknown.
Irradiation of Mo(V) with PPh produced no spectral evidence for the presence
3

of phosphine oxide. Spectroscopic evidence points to a simple ligand substitution
process, possibly producing MoOCl (PPh ) , occurring in this case.
3

3

2

During the first two days of irradiation with PEtPhj and PPh3, isosbestic points
are observed near 700 nm. This suggests that the stoichiometry remains constant during
this part of the irradiation. In these cases, the spectral changes during this period consist
of decreasing absorbance beyond 700 nm, increasing (but still weak) absorbance in the
650-700 nm region, and sharply increasing absorbance near 500 nm. The fact that these
changes occur with PPh3) which shows no photoinduced redox activity, suggests that
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they are due to another process, such as ligand substitution. We have been unable to
isolate pure compounds from these irradiated solutions. However, MoOCl (dppe) shows
3

similar spectral properties (A.,^ 496 nm in CH CN, refer to Chapter 5). Therefore, we
3

believe a photoinduced ligand substitution process is important in these systems, with the
major product being MoOC1 (PR3)2. (Because of the complexity and low overall
3

efficiency of the photochemical reactions, and because the most prominent spectral
changes appear to reflect photoinduced ligand substitution rather than the more
interesting photoredox reaction, we did not attempt to determine quantum yields for
these processes.)
Dark reactions of Mo(V) with PEtjPh, PEtPh and PPh all led to a broad 31P
2

3

NMR resonance indicating phosphine complexed to a paramagnetic metal center; the
most likely species is MoOCl (PR3)~. The reaction with PEtjPh also produced a small
4

amount of OPEt Ph, as indicated by its 31P NMR spectrum. However, the amount of
2

oxide produced in the dark reaction is much smaller (integration ratio OPEt^hiPEtjPh
ca. 1:38) than in the photochemical reaction (ca. 1.6:1).3.5.1. Longer-wavelength
irradiation of Mo(V) with phosphines
For the photochemical experiments described above, we generally used Pyrexfiltered xenon-arc light. We also wished to ascertain whether these reactions proceeded
via the lowest-energy ^ (d ^ d y j excited state. Therefore, we repeated the MoCVyPE^Ph
and Mo(V)/PEtPh irradiations (those that showed definite photoredox activity) using
2

the following Coming colored glass filters: 3-67 (A, > 530 nm transmitted), 0-51 (A, >
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Figure 3.8. Electronic absorption spectra illustrating the reaction of MoOC1 (H 0)~ with
PEt in CH C12. ------------ , MoOC1 (H 0 )~ ;------- , immediately after addition of PEt3.
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390 nm) and 0-52 (A,^, > 360 nm

) . 3 4 6

The 3-67 filter allows irradiation in only the

lowest-energy absorption band (ca. 750 nm; ^ ( d ^ J - ^ d ^ d y J ) , and the other two
filters allow irradiation in the first two bands (ca. 450 nm also; ^ ( d ^ ) - * 2! ^ ^ ^ ) ) . The
starting Mo(V) concentration was kept as high as possible (0.03-0.07 M) in these
experiments, in order to maximize the absorbance of the solutions: typical initial
absorbances near 450 and 750 nm were 0.5-1, so that 70-90% o f the excitation light was
absorbed. For example, the Mo(V)/PEt Ph mixture was irradiated for six days using the
2

3-67 filter. Although the electronic spectrum of the irradiated solution was almost
unchanged, 31P NMR analysis showed the production of a small amount o f OPEtjPh
(OPEtjPhrPEl^Ph integration ratio 1:10, vs. 1:40 for the dark reaction). Also, irradiation
of the Mo(V)/PEtPh mixture using the 0-51 filter for four days produced slight changes
2

in the electronic spectrum, similar to those observed after 1 day of irradiation in Figure
3.5. Thus, these photochemical redox reactions appear to occur, at least to some extent,
from the lowest-energy fluorescent excited state. The photochemical reactivity may be
greater on higher-energy irradiation, but our inability to obtain quantum yield data (see
above) makes it difficult to establish this quantitatively.
3.6. Conclusions
The photochemistry o f the molybdenum(V) oxo complex was explored using the
series of phosphines PEt3, PEt^Ph, PEtPh and PPh as potential oxygen atom acceptors.
2

3

The reaction with PEt occurs spontaneously, producing [MoOCls]2~, [M o C l^ E t^ J'
3

and a multicomponent maroon oil that contains OPEt and the molybdenum(TV) oxo
3

complex MoOCl (PEt3)3. PEt2Ph and PEtPh required irradiation to react with
2

2
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MoOCl (NCCH3)" to produce reduction products, namely molybdenum(m) complexes
4

and the corresponding phosphine oxides. PPh produced only substitution products upon
3

irradiation with MoOCl (NCCH3)~. We are now extending this study by comparing the
4

spectroscopic and photochemical properties of these species with those of
oxomolybdenum(IV) complexes.
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Chapter 4
Phosphorescence of Oxygen-Containing d Molybdenum Complexes
2

4.1. Introduction
The photochemical and photophysical study of transition-metal complexes with
multiply bonded main-group elements has been and continues to be a rich area of study.
Work in this area began in the 1960s when Gray and co-workers described the electronic
structure of the molybdenyl cation (Mov0

3 + ) . 4 1 , 4 -2

Since then, this work has been

expanded to a variety of transition metals with multiply bonded nitrogen as well as
oxygen atoms.
We initially reported the photophysics and photochemistry of the oxomoIybdenum(V) complex [MoOC1 (NCCH3)]_. This complex exhibits fluorescence
4

( E[(cWz)I]'^ B [(dxy)1]) ® solution, with a lifetime of 100 ns
2

2

2

. 4 -3 ’ 4 ' 4

This is sufficient for

reaction with one-electron oxidants and reductants. We recently explored the reactivity
o f this complex with a series of phosphines, including the photo-induced oxidation of
PEt,Ph and PEtPh

2 . 4 -5

We have also been interested in d oxo complexes of molybdenum,
2

which might show phosphorescence similar to that from luminescent complexes of
rhenium(V) and osmium(VI). Such luminescent complexes have the potential as new
chromophores for solar energy conversion and as new reagents for the photochemical
transformation of organic substrates. Herein we detail our work with the known
oxomolybdenum(IV) complexes MoOCl(dppe)2+(dppe = 1,2bis(diphenylphosphino)ethane) and MoOCl(CN-f-Bu)4+ and the new dimethoxymolybdenum(TV) complex Mo(OCH ) (CN-/-Bu)42+. All three of these compounds are
3

2

66
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luminescent in the solid state at room temperature and at 77 K, with MoOCl(CN-/-Bu)4+
also exhibiting room temperature luminescence in CH C1 solution. Lifetime
2

2

measurements gave values corresponding to phosphorescence, which we assign to the
3

E[(<Iv)l(diatf*)l]_* Ai[(dv)2J (C4V) transition.
1

4.2 Results and Discussion
The synthesis of these oxomoIybdenum(IV) complexes was straightforward, the
common feature being the addition of excess L (L = dppe or terf-butyl isocyanide) to
effect reduction of molybdenum(V) to molybdenum(IV). All of the complexes studied
here are purple, crystalline materials. They are air-stable in the solid state, with only
[Mo(OCH ) (CN-f-Bu) ](PF
3

2

4

6 ) 2

showing discoloration after several months’ time. All of

the complexes are stable in aerated solution for several days. This is in contrast to other
oxomolybdenum(IV) complexes, such as MoOC1 (PR3)3, which are noted for their
2

extreme sensitivity to air and water.*

6 "4 - 1 0

Novotny and Lippard isolated MoOC1(CN-/-Bu)4+as the I3~ salt

. 4 1 1

The highly

colored nature of the I3“ anion would have complicated our photophyical investigation
o f the molybdenum(TV) metal center of this complex, so we attempted to isolate
MoOCl(CN-f-Bu)4+as the BPh4~ and PF6~ salts. Isolation of [MoOCl(CN-f-Bu) ](BPh4)
4

was successful when the reaction mixture was stirred for only a few minutes after the
addition o f the ferf-butyl isocyanide, and methanolic NaBPh was used to induce
4

immediate precipitation of the desired product, which was then quickly collected.
When we repeated this procedure with PFS" as the counterion, no precipitate
formed at first; rather, a lavender solid formed over a period of 24 hours. This material
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was spectroscopically similar to [MoOCl(CN-/-Bu) ](BPh4) (see Tables 4.4 and 4.5), but
4

X-ray analysis identified it as [Mo(OCH ) (CN-t-Bu) ](PF
3

2

4

6 ) 2

(ORTEP representation,

Figure 4.1). We believe this complex formed by methanolysis o f MoOCl(CN-f-Bu)4+ that
originally formed. Tables 4.1-4.3 list crystallographic data, bond distances in the
coordination sphere, and atomic coordinates. This dicationic complex is pseudooctahedral with four equatorial isocyanide ligands. The bonds to the equatorial
isocyanide ligands (Mo-Cl, 2.166(5) A; Mo-C6,2.173(4) A), compare well to those in

the oxomolybdenum(TV) complex [MoOC1(CNCH ) ](I3), where a mean Mo-C bond
3

length of 2.16(3) A was observed

. 4 1 2

4

bonds have a length of 1.791(3) A,

The axial Mo

- 0

which is shorter than the Mo-OH bond in [MoO(OH )(CN)4] (2.271(4) A).413
2

2

Other spectroscopic evidence supports the structure as [Mo(OCH ) (CN-f3

2

Bu) ](PF6)2. In the infrared spectrum of the salt no absorption was noted in the vMoG
4

region and an absorption was noted at 2213 cm which corresponds to coordinated
- 1

isocyanide. This value fits into the range found for v ^ by Novotny and Lippard (2ISO2241 cm-1) in their study of a series of structurally similar oxomolybdenum(TV)
isocyanide complexes

.4 1 1

NMR included singlets at 3.82 (OCH3) and 1.68 ppm

(C(CH3)3). Although the integration ratios for these resonances were poor, there was no
evidence of impurities. 13C NMR showed appropriate resonances for coordinated
isocyanide and for the methoxy group. Elemental analysis gave values that corresponded
well to the formulation of the dimethoxymolybdenum(TV) complex as [Mo(OCH ) (CN3

/-Bu) ](PF6)2.
4
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Figure 4.1. ORTEP representation of the cation o f [Mo(OCH ) (CN-rBu)4](PF6)2.
3

2
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Table 4.1. Crystal Data for [Mo(OCH ) (CN-f-Bu) ](PF
3

2

4

formula

MoC H N 0 P2F

fw

780.5

space group

P2Jc

Z

2

A/A

0.71073 (Mo Ka)

a!A

9.1538(8)

b /k

15.709(2)

c /k

13.456(2)

p/°

103.31

V /k3

1882.9(8)

22

P*/g cm

1.377

p/cm

5.04

-3

' 1

4 2

4

trans coeff

0.9499-0.9998

R(F) (obs. data)b

0.063

6 ) 2

*■*’

2

0.056
“Estimated standard deviations in the least significant digits o f the values are given in
parentheses. hR = 2 | |F0| - |F J \/rL \F 0\\ data withI>3o(T). CR„ = \/(Sw(|F0| |Fe\)2/2 w F 0*)i w = 4F02/( a \I ) + ( . F,2)*).
0

0 2

Table 4.2. Selected Interatomic Distances/A for [Mo(OCH ) (CN-f-Bu) ](PF6)2.
3

2

4

Mo-01

1.791(3)

Mo-Cl

2.166(5)

Mo-C

2.173(4)

6
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Table 4.3. Positional parameters and their estimated standard deviations for the cation in
[Mo(OCH ) (CN-/-Bu) ](PF6)2.
3

2

4

Atom

X

y

z

B {A2)

Mo

0.5

0.5

0.5

3.56(1)

01

0.4429(4)

0.6062(2)

0.5214(2)

4.15(8)

N1

0.2200(4)

0.4027(3)

0.5681(3)

4.6(1)

N2

0.6631(5)

0.4822(2)

0.7448(3)

4.3(1)

Cl

0.3088(5)

0.4423(3)

0.5432(4)

4.1(1)

C2

0.1128(6)

0.3472(4)

0.6018(4)

5.3(1)

C3

0.0848(8)

0.2738(4)

0.5278(5)

8

. ( )

C4

-0.0290(7)

0.3986(5)

0.5969(5)

8

. ( )

C5

0.1863(8)

0.3194(5)

0.7097(5)

1 0

C

0.6132(5)

0.4902(3)

0.6604(3)

4.4(1)

C7

0.7129(6)

0.4691(3)

0.8546(3)

4.4(1)

C

0.8559(8)

0.4201(5)

0.8736(5)

8.3(2)

C9

0.5886(8)

0.4191(5)

0.8849(5)

8.4(2)

CIO

0.7316(8)

0.5543(4)

0.9042(5)

8

C ll

0.4174(8)

0.6923(4)

0.5378(6)

9.3(2)

6

8

0

2

1

2

. ( )
0

2

. ( )
0
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These complexes all exhibit an absorption in the visible at approximately 550 nm.
The absorption maxima and extinction coefficients for [MoOCl(dppe) ](BF4),
2

[MoOCI(CN-/-Bu) ](BPh4) and [Mo(OCH ) (CN-/-Bu) ](P F ^ are listed in Table 4.4
4

3

2

4

and illustrated in Figures 4.2-4.4. For the complex [MoOCl(CNCH ) ](PF6), Novotny
3

4

and Lippard noted an absorption maximum at 547 nm (e = 124) in acetone.
Dziegielewski first noted this absorption band for [MoOCl(dppe)JCl at 578 nm in
ethanol

We attribute this band to the A,[(dv) ]->lE[(dv ) (dX2>yz)1] transition, based on

.4 1 4

1

2

1

photophysical studies of d transition metal oxo and nitrido complexes
2

. 4 ’ 1 5 "4 ' 1 7

All of the complexes studied here also exhibit a weak band in the 700-800 nm
region. In [MoOCl(dppe) ](BF4) and [Mo(OCH ) (CN-/-Bu) ](PF
2

3

2

4

6 ) 2

this band is

extremely weak and is present only as a shoulder (e « ); only in [MoOCl(CN-r6

Bu) ](BPh4) does it band have a distinct maximum (A,^ = 718). In the case of
4

[MoOCl(CN-/-Bu) ](BPh4) we believe this band is caused by an impurity (see elemental
4

analysis in the Experimental section): it does not appear in the phosphorescence
excitation spectrum, and its intensity varies in different preparations of the solid. We
have no reason to believe that an impurity is present in [MoOCl(dppe)J(BF4) or
[Mo(OCH ) (CN-/-Bu) ](PF ) , in both of these compounds this band possibly arises
3

2

4

6

2

from the lA [(dxy) ]-*- E[(dxy) (dJ(Z>yz)1] transition.
1

2

3

1

Because these molybdenum(TV) complexes share the same electronic
configuration (d2) as phosphorescent rhenium and osmium complexes, we considered
them good candidates for phosphorescence (Table 4.5). Solid samples of all of these
complexes exhibit luminescence at room temperature and at 77 K. The luminescence at
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77 K was more intense than at room temperature for all of these complexes.
MoOCl(CN-f-Bu)4+ also phosphoresces in solution (CHjClj, CHC13, acetone) and in
PMMA (poly(methyl methacrylate)) films at room temperature. However, we could not
detect any emission from solutions (CH CN) or films (PMMA or PVA (po!y(vinyl
3

acetate))) containing either MoOCI(dppe)2+or Mo(OCH ) (CN-f-Bu)42+.
3

2

Table 4.4. Absorption data for d complexes
2

complex

absorption
X^Ce) nm

€

solvent

reference

c h 3c n

this work

acetone

this work

MoOCl(dppe)2+

567
325 (sh)

75
2625

MoOCl(CN-/-Bu)4+

718
549

29
1 0 0

Mo(OCH ) (CN-f-Bu)42+ 558
310 (sh)

45
576

c h 3c n

this work

ReN(dmpe)2CP

362
257
238

250
2980
4000

c h ci

4.18

O sN(NH3)43*

400
300
270

O s0 (CN)42~

370
317

3

2

2

296

2

2

c h 3c n

4.19

c h 3c n

4.20

1 0 0 2

sh = shoulder
The luminescence of solid [MoOCl(dppe)J(BF4) (Figure 4.2) at room
temperature and at 77 K is broad, with the emission slightly red-shifting at 77 K. At
room temperature the emission is featureless, but in the 700-800 nm range of the
spectrum at 77 K, poorly resolved vibrational fine structure is evident as a shoulder. The
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Table 4.5. Phosphorescence of molybdenum(IV) and related d complexes.
2

Phosphorescence X ^ nm
complex

RT

77 K

medium

reference

MoOCl(dppe)2+

940

960

solid

this work

MoOC1(CN-/-Bu)4+

ca. 800

ca. 949
856
788

solid

this work

860
Mo(OCH ) (CN-/-Bu)42+ 854
3

2

ReN(dmpe) Cl+

508

OsN(NH3)43+

545

2

CH C1
2

930
870

627
600
565
0 s0 (CN)42~
2

710

this work

solid
CH C1

4.18

CH CN(RT)
solid (77 K)
3

4.19

CH3CN

4.20

2

6 8 8

2

2
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Figure 4.2. Electronic spectra of [MoOCl(dppe)J[BF4], Absorption:-------------, 300 K,
CH3CN solution. Corrected phosphorescence (arbitrary units):--------, 300 K, solid;
, 77 K, solid.
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Figure 4.3. Electronic spectra o f [Mo(OCH ) (CN-r-Bu) ][PF6]2. Absorption:-------300 K, CH3CN solution. Corrected phosphorescence (arbitrary units):-------, 300 K,
solid;
, 77 K solid.
3

2

4
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Figure 4.4. Electronic spectra of [MoOCl(CN-f-Bu) ][BPh4]. Absorption:-------------, 300
K, CH C1 solution. Corrected phosphorescence (arbitrary units):-------- , 300 K, solid;
, 77 K, solid.
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Figure 4.5. Phosphorescence spectrum of [MoOCl(CN-f-Bu) ][BPh4] in CH C1 at room
temperature.
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luminescence spectra at room temperature and at 77 K of solid [Mo(OCH ) (CN-f3

Bu)J(PF

6) 2

2

(Figure 4.3) are also broad, with a shift to longer wavelengths noted at 77 K.

Poorly resolved vibrational fine structure was evident at both temperatures for this
complex.
Luminescence of [MoOCl(CN-f-Bu) ](BPh4) in the solid state (Figure 4.4) and in
4

CH C1 solution (Figure 4.5) is more intense than that o f [MoOCl(dppe) ](BF4) or
2

2

2

[Mo(OCH ) (CN-/-Bu) ](PF6)2. At room temperature, the luminescence spectrum of
3

2

4

solid [MoOCl(CN-/-Bu) ](BPh4) exhibited poorly resolved vibrational fine structure
4

(A^* ca. 800 nm), which became more distinct in the spectrum taken at 77 K, with
maxima at 790, 855 and ca. 950 nm. The peaks at 77 K are separated by ca.

1 0 0 0

cm-1,

similar to the ground state Mo=0 stretching frequency (952 cm~l); more accurate
determination was not possible, due to the low spectral resolution (30 nm bandpass)
obtainable in the emission spectra.
Pulsed-laser excitation (Nd: YAG, 532 nm) of the solid Mo(TV) complexes also
induced phosphorescence. Phosphorescence decay curves were exponential for CH C1
2

2

solutions of [MoOCI(CN-/-Bu) ][BPh4], yielding a lifetime o f 2.5 ps at room
4

temperature. We were unable to measure lifetimes for the solid-state emissions: all of the
phosphorescence decay curves were non-exponential. In each case, at short delay times
following the laser pulse, the emission intensity decayed more quickly than exponential.
At longer delay times, however, the decays approached exponential behavior.
Approximate limiting lifetimes (i.e. at the longest delay times) were as follows:
[MoOCl(dppe)J(BF4), 1 ps and 1.5 ps (room temperature and 77 K respectively);
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[Mo(OCH ) (CN-r-Bu) ](PF6)2,
3

2

4

2

ps (at room temperature and 77 K); and [MoOCl(CN-

f-Bu) ](BPh4), 2-10 ps and >30 ps (room temperature and 77 K respectively).
4

Measurements of [MoOCl(CN-/-Bu) ](BPh4) as PMMA films yielded approximately the
4

same limiting lifetimes at room temperature and 77 K as those of the powder. These
lifetime estimates for the solid complexes and for CH C1 solutions of [MoOCl(CN-r2

2

Bu) ](BPh4) are consistent with our assignment o f the transitions as phosphorescence,
4

’E K d ^ d ^ ^ A ^ ) 2].
We investigated the phosphorescence quenching of (MoOCl(CN-/-Bu) ](BPh4)
4

by electron acceptors in solution. We were interested in reactions with electron
acceptors because cyclic voltammetry experiments showed that MoOCI(CN-/-Bu)4+ is
irreversibly oxidized at ca.

0

. 8

V vs Fc/Fc+ (supporting electrolyte [Bu N][0 SCF3] in
4

3

CH Cl ). In order to carry out excited-state redox reactions, therefore, a fairly strong
2

2

oxidant was needed, and preferably one that would still have a net positive charge after
electron transfer. Benzylviologen (BV2+) salts have both of these characteristics (Figure
4.6).
The positive charges on the products in this reaction should allow them to escape
quickly, and prevent rapid back-electron transfer. Addition o f BV(BF

4 ) 2

to solutions of

[MoOCl(CN-t-Bu) ](BPh4) in acetone and acetonitrile caused a color change to a deeper
4

MoIVOCl(CN-f-Bu)4+

+

BV2+ — iB?—► MovOCI(CN-/-Bu)42+

+

BV+‘

Figure 4.6 Proposed phosphorescence quenching o f M oOC1(CN-/-Bu)4+ benzylviologen.
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shade of purple and a steel blue precipitate to form. No noticeable quenching of the
phosphorescence was observed.
4.3 Experimental
All reactions and manipulations were performed using standard dry-box
techniques. Reagents and anhydrous solvents were o f the highest commercial grade
available. l, -bis(diphenylphosphino)ethane (dppe) was purchased from
2

Organometallics, Inc. Elemental analysis was performed by M-H-W Laboratories
(Phoenix AZ).
FT-IR spectra were recorded in KC1 disks on a Perldn-Elmer 1760X
spectrometer. *H NMR spectra were recorded at 300 MHz on a Bruker spectrometer
and 13C spectra were recorded at 75 MHz. Chemical shifts are reported in ppm vs IM S.
31P NMR spectra were recorded on a Bruker 250 MHz spectrometer operating at 101.2
MHz. Chemical shifts are reported in ppm relative to 85% H P 0 4.
3

Electronic absorption spectra were recorded on an Aviv 14DS
spectrophotometer. Emission spectra were obtained by using a Spex Instruments
Fluorolog 2 Model FI 12X fluorimeter, with a Hamamatsu R406 PMT; they were
corrected for variation in detector response with wavelength. An Oxford Instruments
Model DN1704 cryostat, or a Pyrex dewar, was employed for low-temperature
measurements. Lifetime measurements employed a Nd-YAG laser as excitation source
(532 nm, second harmonic), with Coming colored-glass filters and a Spex 220M
monochromator to isolate the emitted light. The emission signal from the photomultiplier
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tube (Hamamatsu R406) was passed to a Tektronix digitizing oscilloscope. Lifetimes
were determined by exponential fits to the digitized phosphorescence decay curves.
4.3.1. Synthesis of [MoOCl(dppe) ](BF4)
2

[MoOCl(dppe)JCl was prepared in methanol solution according to the literature
procedure

.4 21

It was then converted to the tetrafluoroborate salt in a metathesis reaction

with excess NaBF4. Recrystallization from methanol yielded large, dark purple crystals of
[MoOCl(dppe)J(BF4).
3lP NMR (C D jC y: 41.6

lH NMR (CDjCN): 7.34, 7.15, 7.02 (m, 40 H, QH,), 3.10, 2.83 (m,

8

H, CH*)

4.3.2. Synthesis of [MoOCl(CN-/-Bu) ](BPh4)
4

This procedure to prepare this complex is similar to that noted in the literature,
instead BPh4~ was used as the counter-ion instead of I3~. Addition of 2 equiv of NaBPh
induced immediate precipitation of the product, which was then quickly collected,
washed with diethyl ether and dried in a vacuum desiccator.
'H NMR (CDC13): 7.10 (m, 5 H, C Hj), 1.62 (s, 9 H, C(CH3)3)
6

IR: 3054, 2198, 952 cm~l
Anal. Calcd for C ^ B C l ^ o N . O : C, 66.13; H, 7.06; N, 7.01; Cl, 4.44, Found: C,
65.09; H, 7.05; N, 7.09; Cl, 6.04.
4.3.3. Synthesis of [Mo(OCH ) (CN-f-Bu) ](PF
3

2

4

6) 2

M CI (1.0 g, 4 mmol) was dissolved in 15 mL of CH3OH to give an emerald
0

5

green solution. To this was added tert-butyl isocyanide (1.83 g, 22 mmol) all at once.
The reaction mixture was stirred for one hour to give a dark brick-red solution and then
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NaPF (1.84 g, 11 mmol) dissolved in 5 mL of CH3OH was added in one portion. After
6

continued stirring overnight, the brick-red reaction mixture had deposited a lavender
powdery precipitate, which was collected and then dissolved in CH CN. The CH3CN
3

solution was filtered and then evaporated to yield lavender microcrystals of the product.
1.12 g, 40 % yield.
IR: 2989, 2213, 837 cm

"

1

‘H NMR (CD CN): 3.82 (s, OCH3),
3

1 . 6 8

(s, C(CH3)3)

l3C NMR (CD CN): 138.9 (CN), 70.9 (OCH3), 62.2 (C(CH3)3),
3

30.7 (C(CH3)3)
Anal. Calcd for C ^ H ^ F ^ o N A P j: C, 33.86; H, 5.42; N, 7.18, Found: C, 33.71; H,
5.52; N, 7.21.
4.4. Conclusions
The photophysical characteristics of the known oxomolybdenum(IV) complexes
[MoOCl(dppe)J(BF4) and [MoOCl(CN-r-Bu) ](BPh4) and the new
4

dimethoxymolybdenum(IV) complex [M o(OCHj)2(CN-/-Bu)4](PF6)2 were explored.
The crystal structure of [Mo(OCH ) (CN-/-Bu) ](PF
3

2

4

6) 2

was also determined. All of these

oxygen containing d molybdenum complexes phosphoresce in the solid state at room
2

temperature and at 77 K. [MoOCl(CN-/-Bu) ](BPh4) alone exhibited phosphorescence in
4

CH C1 solution at room temperature.
2

2
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Chapter 5
Electronic Spectrum and Structure of/Erc-MoOCl (dppe)
3

5.1. Introduction
Solutions of oxomolybdenum(V) with PEtPh and PPh in CH3CN are
2

3

characterized by having an absorption at wavelengths longer than 700 nm and one in the
445 nm range. We have found that irradiation o f these solutions resulted in the following
spectral changes over the course of three days: a decrease in the intensity of the
absorbance beyond 700 nm, an increase in a weak absorption in the 650-700 nm region
and a sharp increase in an absorption near 500 nm. The final color of these solutions was
a deep red-brown. We propose that this color is due to complexes of the type
MoOC (PR ) , but the literature data on this type of complex are not consistent. We
13

3

2

have now crystallized the dppe (dppe = Ph PCH CH PPh ) example MoOCl (dppe), and
2

2

2

2

3

we report the structure and absorption spectrum o f the authentic material.
MoOCl (dppe) was first reported by Butcher and Chatt in 1971. Its magnetic
3

moment was close to the value for one unpaired electron, suggesting a simple
monomeric structure. They isolated red and brown forms of MoOCl (dppe), with the red
3

form turning brown on refluxing in 2-propanol for three hours. The properties of these
two forms were reported to be similar, the major difference being that the vMoQof the red
isomer was 941 cm

- 1

and that of the brown was 952 cm-1. Levason et al., in their study

of oxomolybdenum(TV) and -(V) complexes with diphosphine, diarsine and arsinephosphine ligands, first reported the solution and solid state electronic absorption
spectrum of the red form of MoOCl (dppe) as well as those of other MoOCI (L-L)
3

3

86
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complexes

. 5 2

While not preparing the brown form of MoOCl (dppe), they did prepare
3

the red and brown forms of a similar complex, MoOCl (dppen) (dppen = cis3

PhjPCHK^HPPhj), and noted that the differences in IR and electronic absorption spectra
of these two forms were small. Herbowski reported an alternative procedure for the
brown isomer o f MoOCl (dppe) and reported its IR and electronic absorption spectra
3

. 5 3

His reported value for vMoQwas in accord with that of Butcher and Chatt, but his
electronic absorption data disagreed with that of Levason et al.

, 5'2

Our attempts to

prepare the brown isomer of MoOCl (dppe) by this method of Herbowski and by the
3

method o f Butcher and Chatt produced a material that was spectroscopically identical to
that of the red isomer. Dzi^gielewski and Filipek

5 4

studied the red isomer of

MoOCl (dppe) and reported its electronic absorption spectrum in tri-w-butyl phosphate.
3

Their data was different from that of Levason et al. We now report the crystal structure
o f the brick-red complex MoOCl (dppe). We find that its IR and UV/Vis spectral
3

properties agree closely with those originally reported by Levason and co-workers.
5.2. Experimental
Reagents and anhydrous solvents were o f the highest commercial grade available.
l,2-Bis(diphenylphosphino)ethane (dppe) was purchased from Organometallics, Inc.
Elemental analysis was performed by M-H-W Laboratories (Phoenix AZ).
FT-IR spectra were recorded in KCl disks on a Perldn-Elmer 1760X
spectrometer. Absorption spectra were recorded on an Aviv 14DS spectrophotometer.
31P NMR spectra were recorded on a Bruker 250 MHz spectrometer operating at 101.2
MHz; chemical shifts are reported in ppm relative to 85% H P 0 4.
3
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5.2. . Synthesis and Crystal Growth.
1

MoOCl (dppe) was prepared according to the method of Butcher and Chatt
3

. 5 1

An X-ray quality crystal was isolated as an orange-brown wedge by layering a saturated
CH C1 solution o f MoOCl (dppe) with diethyl ether.
2

2

3

IR: 944 cm

'

1

(vMoQ)

3IP NM R (CDjClj): 39.4

Anal. Calcd for C^HyCljOMoP^. C, 50.64; H, 3.92; Cl, 17.25, Found: C, 50.50; H,
4.18; Cl, 17.51.
5.3. Results and Discussion
In the course of our investigation of the photoredox reactions of
oxomolybdenum(V) with phosphines, we observed that at the end o f the irradiations
with PEtPh and PPh the color of the reaction mixture and its electronic absorption
2

3

spectra were quite similar to those o f MoOCl (dppe). MoOCl (dppe) is unusual in that it
3

3

is brick red in color, not the green normally associated with molybdenum(V)-oxo
complexes.
We isolated MoOCl (dppe) as a microcrystalline brick red solid. It is stable to air,
3

light, and oxygen in the solid state and as a solution in CHjCl* CHC1 and CH CN. The
3

3

infrared spectrum o f this complex showed v , ^ at 944 cm'1, which corresponds well to
the values reported by Butcher and Chatt and Levason et al.5* (944 and 941 cm
1

- 1

respectively). 31P NMR in CD C1 revealed a singlet at 39.4 ppm, consistent with thefac
2

2

isomer.
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Most simple oxomolybdenum(V) complexes are green. For example, the
absorption spectrum of MoOCl (NCCH3)“, which is typical of monomeric
4

oxomolybdenum(V) complexes, shows two bands, one near 750 nm (e = 25 M cm'1)
1

and the other at ca. 450 nm (19).5S Wieghardt et al. have reported that the electronic
absorption spectrum of [LMoOClJpPFJ (L = 1, 4, 7-triazacyclononane) has two bands,
one at 656 nm (e =

1 1

) and the other at 357 nm (e = 1400).56 The electronic absorption

spectrum o f a 0.0013 M solution o f MoOCl (dppe) in acetonitrile shows one strong
3

absorption at 495 nm (e = 1570) and one that is very weak at 667 nm (e = 18) with a
shoulder at ca. 400 nm (Figure 5. ). Such a wide difference in the absorption spectrum
1

of MoOCl (dppe) as compared to other oxomolybdenum(V) complexes, and
3

discrepancies in the literature data for the compound, led us to an interest in confirming
its structure. Table 5.1 tabulates the absorption data for selected oxomolybdenum(V)
complexes.
Slow diffusion of diethyl ether into a saturated CH C1 solution o f MoOCl (dppe)
2

2

3

produced large orange-brown wedges that were suitable for X-ray analysis. Figure 5.2
shows the ORTEP representation of the structure of MoOCl (dppe), Tables 5.2-5.4 list
3

crystallographic data, bond distances, and atomic coordinates.
This neutral complex is pseudo-octahedral with two Cl- ligands in the equatorial
plane and the other trans to the oxo ligand. The bonds to the equatorial Cl” ligands are
nearly identical (Mo-Cl , 2.3558(9); A; Mo-C13, 2.3567(8) A), and very similar to the
2

Mo-Cl bond length o f2.359(3) A observed in (AsPh )[MoOCl (H 0)]5-7. One of the
4

4

2
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Table S.l. Electronic absorption spectra of selected oxomolybdenum(V) complexes.
Complex

Solvent

[LMoOClJ[PFJ

c h 3c n

MoOCl (dppe)
red form
3

red form

red form

reference

1 1

5.6

656
357

1400

730
465
405
315
255
235

80
550
400
3500
15000
16000

5.4

CH C1

510

2400

5.2

solid state

510
658

CH3CN

667
495
400 (sh)

18
1600

this work

chci

641
485
400 (sh)

65
1800

641
489
400(sh)

50
1500

TBP*

2

2

3

c h ci
2

brown form

£

2

CHC1

5.3

476
694

3

MoOCl (dppen)

5.2

3

brown form

CH C1

red form

2

2

492
664
474
664

2600
2

0

0

1600
230

TBP = tri-tt-butyl phosphate
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characteristic features of molybdenum(V)-oxo complexes, a longer bond to the atom
tram to the oxo group, is followed here (Mo-CU, 2.4790(6) A). (For example, in the
structure of K [MoOC15], the bond length to the chloride trcms to the oxo group is
2

2.587(6) A.5®) The dppe ligand equatorial bond lengths for Mo-Pl and Mo-P are
2

similar at 2.5839(7) and 2.5900(7) A respectively. The Mo

=

0

bond length, 1.674(2) A,

falls into the normal range for terminal M o=0 bonds in six-coordinate complexes (1.65-

1.70 A)59. The ligand in the position tram to the oxo group has been implicated in
making the M o=0 bond longer in six-coordinate complexes as compared to fivecoordinate species. For example, the M o=0 bond lengths in the five-coordinate
complexes, [AsPh ][MoOCl4] and MoOCl (SPPh3), in which the position tram to the
4

3

oxo group is unoccupied, are 1.61(1) A510 and 1.647(3) A511 respectively.
5.4. Conclusions
The structure of the brick-red molybdenum(V)-oxo complex MoOCl (dppe) has
3

been determined and its properties re-evaluated. Elemental analysis and the X-ray
structure confirmed the purity and identity of the compound. The infrared spectrum gave
a value for vMoQthat closely corresponds to ones found in the literature. Electronic
absorption data, while not identical, most closely correspond to that of Levason.
5.5. References
[5.1]

Butcher, A. V.; Chatt, J. J. Chem. Soc. (A) 1971, 2356-2358.

[5.2]

Levason, W.; McAuliffe, C. A.; Sayle, B. J. J. Chem. Soc. Dalton Tram. 1976,
13, 1177-1181.

[5.3]

Herbowski, A. Inorg. Chim. Acta 1981,54, L121-L122.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 5.2. Crystal Data for MoOCl (dppe
3

)

1

formula

MoCljPjQgH^O

fw

616.7

space group

P ljn

Z

4

X /k

0.71073 (Mo Ka)

a lk

13.217(1)

b /k

12.8935(8)

c /k

16.0578(9)

p/°

99.967(5)

V/k3

2695.1(6)

P jg cm

1.520

p/cm

9.09

-3

1

rel trans coeff
R(F) (obs. data

0.8102-0.9997
0.038

) 6

0.039

RJUV

*Estimated standard deviations in the least significant digits of the values are given
parentheses. bR = 2 [ |F0| - |FC| [/E |F0|; data with I>3o(/).
= '/(2w (|F0| |F ^ / E h F , 2); w = 4F /(o (7) + (0.02F,,2)2).
0 2

2
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Table 5.3. Selected Interatomic Distances/A for MoOCl (dppe)
3

Mo-Pl

2.5839(7)

Mo-P2

2.5900(7)

Mo-Cll

2.4790(6)

Mo-C12

2.3558(9)

Mo-C13

2.3567(8)

M o-0

1.674(2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

94

2.5

2.0

•e
S

1.0

•8
0.5

0.0

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

A/nm
Figure 5.1. Electronic absorption spectrum of a 0.0013 M CH3CN solution of
MoOCl (dppe).
3
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Table 5.4. Positional parameters and their estimated standard deviations for
MoOCl (dppe)
3

Atom

X

y

z

B (A2)

M ol

0.06271(2)

0.10527(2)

0.21805(1)

2.790(4)

PI

0.04905(5)

0.26523(5)

0.31241(4)

2.62(1)

P2

0.17484(5)

0.23594(5)

0.15190(4)

2.59(1)

CU

0.23399(5)

0.09603(5)

0.30953(4)

3.17(1)

C12

0

( )

-0.01116(6)

0.31066(5)

5.33(2)

C13

0.10277(6)

-0.02481(6)

0.12590(5)

4.75(2)

-0.0451(1)

0.1554(2)

0.1625(1)

4.35(4)

Cl

0.1024(2)

0.3719(2)

0.2588(2)

2.98(5)

C2

0

( )

0.3390(2)

0.2299(2)

2.81(5)

C3

0.1186(2)

0.2604(2)

0.4199(1)

2.84(5)

C4

0.1016(2)

0.1792(2)

0.4724(2)

4.05(6)

C5

0.1575(3)

0.1720(3)

0.5529(2)

4.89(7)

C

0.2307(2)

0.2444(3)

0.5822(2)

4.74(7)

C7

0.2486(2)

0.3251(3)

0.5314(2)

4.47(7)

C

0.1930(2)

0.3337(2)

0.4505(2)

3.43(5)

C9

-0.0823(2)

0.3028(2)

0.3167(2)

3.32(5)

CIO

-0.1499(2)

0.2296(3)

0.3391(2)

4.93(7)

C ll

-0.2510(2)

0.2558(3)

0.3430(2)

6.16(9)

C12

-0.2857(2)

0.3535(3)

0.3230(2)

6.12(9)

C13

-0.2214(3)

0.4258(3)

0.2997(2)

6.01(9)

C14

-0.1191(2)

0.4015(2)

0.2968(2)

4.60(7)

C15

0.1133(2)

0.2994(2)

0.0553(2)

3.14(5)

C16

0.0307(2)

0.2541(2)

0.0035(2)

4.56(7)
table con’d

0

1

6

8

.

0 0 1 0 2

.

2 0 2 0

6

2
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C17

-0.0156(3)

0.3021(3)

-0.0700(2)

5.62(8)

C18

0.0199(3)

0.3947(3)

-0.0931(2)

5.28(8)

C19

0.1023(3)

0.4408(2)

-0.0438(2)

5.26(8)

C20

0.1500(3)

0.3936(2)

0.0305(2)

4.29(7)

C21

0.2974(2)

0.1929(2)

0.1291(2)

2.94(5)

C22

0.2992(2)

0.1324(2)

0.0583(2)

3.98(6)

C23

0.3920(2)

0.0999(2)

0.0384(2)

4.88(7)

C24

0.4825(2)

0.1268(3)

0.0896(2)

4.94(7)

C25

0.4814(2)

0.1858(3)

0.1593(2)

5.63(8)

C26

0.3896(2)

0.2184(3)

0.1801(2)

4.57(7)
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cT»
Figure 5.2. ORTEP plot for MoOCl (dppe).
3
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Chapter

6

Summary
This dissertation has contributed to the general knowledge of chemistry in the
following areas: the synthesis of ferrocene-based monomers that can be used in Ring
Opening Metathesis Polymerization, the application o f oxomolybdenum(V) as a reagent
for photochemical oxygen atom transfer and the photophysics of oxygen-containing d

2

molybdenum complexes.
The work in Chapter 2 describes the successful six step synthesis of
l,4-[3,3'-bis(l,l-dimethylpentyl)-l, l'-ferrocenediyI]-l,3-butadiene. Preliminary ROMP
experiments with this monomer produced an oligomeric material that was shown by Gel
Permeation Chromatographic analysis to have a number average molecular weight, M„
equal to 17000 and an average degree of polymerization, n, equal to 90. The solubility of
the alkyl-substituted polymer was improved with respect to that of the unsubstituted
polymer

. 6 -1

Doping the oligomeric material produced from the unsubstituted monomer with
I gave it a conductivity of 10 Q cm'1. This is a slight improvement in conductivity
2

' 4

1

with respect to the unsubstituted monomer (10's Q cm '1). The effect of I doping of the
'

1

2

oligomeric material produced from the unsubstituted monomer was investigated by Xray photoelectron spectroscopy. The XPS data showed that the iron centers were not
oxidized by I2. Rather, the carbon backbone of the polymer was thought to be somehow
oxidized by the I2. This illustrates that I doping of this type of polymer is not feasible.
2

To improve the conductivity of any polymer produced, other methods of doping should
99
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be explored to avoid over-oxidation of the polymer. One method that shows promise is
electrochemical doping. It would possibly allow a more controlled doping that would
allow oxidation of the iron centers without oxidizing the carbon backbone.
The synthesis o f l,4-[3,3'-bis(l, l-dimethylpentyl)-l,I'-ferrocenediyl]-1,3butadiene has the drawbacks of steps with low yields and difficult purification
procedures. The more convergent synthetic pathway, presented in Figure 6.1, could be
explored more fully to remedy these problems.
R

R

l

3

2

I

HCEEEC' +

5

6

4

Figure . . Retrosynthetic pathway for the preparation of ferrocene ROMP
monomers.
6

1

The first disconnection involves preparation of the metallocene, I, for which
there are numerous procedures

.6 2

The next disconnection is the preparation of a cis-

diene group 2, from a diyne, 3. Hydrogenation via Lindlar’s catalyst (Pd-CaC0 -PbO) is
3

one noted procedure for the selective hydrogenation of a triple bond to a double bond
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Preparation of the cyclopentadienyl groups in 3 is the next disconnection. Subjecting 4 to
a simple acid catalyzed dehydration of the type used in Chapter (camphorsulfonic
2

acid/benzene reflux) would be appropriate. Coupling of the terminal alkyne-alcohol 5 via
the Eglinton Coupling (catalyzed by Cu2+) or the Glaiser coupling (catalyzed by Cu+)
would produce the diyne 4.6J,6‘4. Preliminary experiments have shown that reaction of 2cyclopentenone with ethynylmagnesium bromide in diethyl ether will produce the enynol
5 (R = H) similar to 5. There are numerous literature procedures to prepare 2cyclopentenones substituted at various positions like compound

6

in Scheme .1,6S'66
6

Chapter 3 details our work exploiting the favorable photophysical properties of
oxomolybdenum(V) (long-lived fluorescent excited state and the ability to react with
one-electron donors and acceptors) towards the goal of photochemical oxygen atom
transfer. Phosphines were used as the oxygen atom accepting substrate. The oxidation of
phosphines is highly favorable because of the very strong P - 0 bond, for example: 127
kcal/mol in Ph3PO and 139 kcal/mol in MejPO

.6 7

We worked with the series of phosphines PEt3, PEt^h, PEtPh and PPh3; of
2

these the first three showed activity toward oxygen atom transfer. PEt reacted
3

spontaneously with oxomolybdenum(V) to form OPEt as well as a reduced
3

molybdenum(in) product. Both PEtjPh and PEtPh required irradiation to undergo
2

oxygen atom transfer. In these two cases the corresponding phosphine oxide was
produced, with only corresponding molybdenum(m) product being isolated in the case
of PEtjPh. Larger scale reactions with PEtjPh and PEtPh would give larger quantities
2

of products; this would facilitate their analysis by 9SMo NMR which would perhaps offer
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insight into the nature o f the molybdenum centers

. * 1 , 6 -5

Other oxygen atom acceptors

could be explored, which could possibly allow easier product identification. For example
Si Cl or Si Me could be used; next to phosphines these are the most powerful oxygen
2

6

2

6

atom accepting substrates

. * 10

In Chapter 4 we investigated the photophysical properties of oxygen-containing
d complexes o f molybdenum, which might show phosphorescence similar to that from
2

luminescent complexes of rhenium(V) and osmium(VI
we investigated MoOCl(dppe

) 2 + , * 13

MoOCl(CN-t-Bu

) . *

) / , *

1 ,'* 1 2

14

Because o f their stability,

and the unusual

dimethoxymolybdenum(TV) complex Mo(OCH ) (CN-/-Bu)42+, which was made in
3

2

attempted preparations of MoOC1(CN-/-Bu)4+.
All of these complexes exhibited phosphorescence in the solid state with maxima
at ca. 850-950 nm. MoOCl(CN-/-Bu)4+also phosphoresces in CH C1 solution (A.^ 860;
2

2

nm t = 2.5 ps). No quenching of the excited state of this compound was noted in
experiments using benzylviologen as an electron acceptor.
This area o f research could be expanded by investigating other complexes of
oxomolybdenum(TV), specifically those with a chelating type ligand which often adds
stability to a compound. Figure 6.2 shows a route that was briefly explored using 2, 2'terpyridine (terpy) as the chelating ligand. A green methanolic solution of
MoOCl (PEtPh
2

2 ) 3

quickly turned purple with the addition of , '-terpyridine; from this
2

2

solution a purple solid was isolated. The electronic absorption and infrared spectra of
this solid showed features similar to those observed for the oxomolybdenum(TV)
complexes studied in Chapter 4. Boyd and Spence reported oxomolybdenum(TV)
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complexes with tri- and tetradentate oxygen, nitrogen and sulfur ligands which could
offer interesting photophysical properties

. 6 1 5

CH3 OH

MoOC^CPEtPh^ + 2,2'terpy

------- ► MoOCl (terpy) + 3PEtPh
?
2

2

Figure 6.2. Attempted preparation of MoOCl (terpy) (terpy = 2,2':6,,2"-terpyridine).
2

Spectral similarities between the electronic absorption spectra that monitored the
irradiation of and PEtPh and PPh with oxomolybdenum(V) and the known
2

3

oxomolybdenum(V) complex MoOCl (dppe) led us to investigate its structure and
3

properties (recorded in Chapter 5).
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